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Flower in the crannied wall,
I pluck you out of the crannies,
I hold you here, root and all, in my hand,
Little flower—but if I could understand
What you are, root and all, and all in all,
I should know what God and man is.
FROM: Flower in the Crannied Wall—Alfred Lord Tennyson

\\\\\\\\
May the simplicity of the flower always remind me of the unexplainable—of goodness
and of pain, of joy and of sorrow, and of all things inescapable and unable to fit beneath the cold
dissection of the microscope.
I dedicate my work to you mommy and my dear mentor, Dr. Eric Achberger. Their strength and
support has been my inspiration, my perplexing and beautiful “flower in the crannied wall”.
To all my loved ones who continue to demonstrate the secrets of life and have made my devotion
to science worthwhile.

ii

ACKNOWLEDGMENTS
My deepest gratitude goes to my beautiful mother. Through her hard work and sacrifice
driven by eternal love, I am who I am today. I shall continue to live by her memory and uphold
her name in all of my pursuits. My heartfelt appreciation also goes to my siblings whose
constant love, selflessness, and support mean the world to me.
I will forever be indebted to my dear mentor, Dr. Eric Achberger, who has been an angel
and a blessing in my life. To be thankful for his wisdom and example is not enough. His
patience, kindness, and understanding are redeeming qualities I wish to emulate. Most
importantly, his encouragement and faith in my potential has culminated in the completion of
this project.
My gratitude is extended to my committee members, Dr. Shih, Dr. Biel, Dr. Grove, Dr.
Ding, and Dr. Soper. I am especially grateful for the generous help of Dr. Shih and the everpresent support of Dr. Gayda.
Rarely do people make time in such a busy, competitive atmosphere to offer humor or a
stimulating conversation… altogether, a subtle piece of inspiring light. I am grateful to Dr.
Srinivasan for being a bolster of support. Here’s to more enlightening exchanges about the
aesthetics of science.
I am entirely grateful to my friends for without their love, support, and encouragement I'd
be half-empty. Your friendship has touched my life and will eternally be a part of me.

iii

TABLE OF CONTENTS
ACKNOWLEDGMENTS…………………………………………………………………... .. iii
LIST OF TABLES……………………………………………………………………………. vi
LIST OF FIGURES…………………………………………………………………………... vii
ABSTRACT……………………………………………………………………………………..ix
INTRODUCTION
DNA-dependent RNA Polymerase……………………………………………………… 1
Promoters……………………………………………………………………………….. 4
Transcription Initiation Kinetics...……………………………………………………… 6
Transcription Elongation and Termination..………..…………………………………….7
Modulation of RNAP Binding to the Promoter...……………………………………… 9
Factor Independent Activation…………………………………………………...……..17
Curved DNA…………………………………………………………………………… 20
Role of Curved DNA in Prokaryote Promoters……………………………………… 21
Previous Work in the Lab…………………………………………………………..….. 24
MATERIALS AND METHODS
Bacterial Strains………………………………………………………………………... 28
Construction of Clones Expressing the Wild-type and Mutant Derivatives
of B. subtilis rpoA Gene………………………………………………………………... 28
Cloning Strategies……………………………………………………………………… 29
Overproduction and Purification of the RNAP α Subunits……………………………..31
Preparation of Promoter Templates……………………………………………………. 32
Gel Retardation Analysis..………………………………………………………………33
DNase I Footprint Analysis…………………………………………………………... 34
RNA Polymerase Isolation and Purification………………………………………….. 35
Reconstitution of the RNA Polymerase with the Purified Proteins…………………… 37
In vitro Transcription Assay..………………………………………………….………. 38
RESULTS
Preparation of Wild-type α and its Mutant Derivatives………………………..………. 39
Relative Binding Affinities of Wild-type α and its Mutant Derivatives
to the Alu156 Promoter…………………………………………………………………41
DNase I Footprinting Analysis of the α Subunits with the Alu156
Promoter………………………………………………………….…………………….. 43
Effect of Salt on the Binding of Wild-type α and α255…………………………..……. 47
Effect of Distamycin on the Binding of α to the Minor Groove………………..……… 53
Contribution of A+T rich Sequences on α Binding……………………………...…….. 54
Interactions of Reconstituted Holoenzymes with Upstream A+T rich Sequences…….. 64
Transcriptional Activity of Reconstituted RNA Polymerases……………………….… 70
iv

DISCUSSION…………………………………………………………………………………. 73
REFERENCES……………………………………………………………………………….. 83
VITA…………………………………………………………………………………………... 95

v

LIST OF TABLES
1. Promoters……………………………………………………………………………………..32

vi

LIST OF FIGURES
1. The nucleotide sequence of the rpoA gene of Bacillus subtilis is aligned
with its corresponding amino acid sequence………………………………………………. 30
2. The predicted protein sequence of the carboxy terminal amino acids of α subunits………. 40
3. Nucleotide sequence of the Alu156 promoter……………………………………………... 41
4. Gel retardation analysis of Alu156 as a function of α concentration……………………….42
5. DNase I footprinting of α bound to the Alu156, AluUnc, and AluExt promoters………… 44
6. The summary of DNase I footprinting analysis of the
Alu156 promoter with wild-type α………………………………………………………… 46
7. Nucleotide sequence immediately upstream of the -35 region for
the Alu156 promoter and its altered promoters…………………………………………… 48
8. DNase I footprinting analysis of Alu156 as a function of α concentration………………... 49
9. The effect of KCl concentration on the binding of α subunits to promoters………………. 51
10. Binding of α as a function of potassium chloride concentration…………………………. 52
11. Fraction of α bound as a function of distamycin concentration……………………………54
12. DNase I footprinting analysis of the Alu156 promoter and its altered promoters………… 56
13. The relative binding of wild-type α to the Alu156 promoter
and its derivatives..…………………………………………………………………………59
14. DNase I footprinting analysis of the Alu156 and
Alu3A(-1) bound by wild-type α………………………………………………………... 60
15. Densitometric scan of the DNase I footprinting analysis of the Alu3A(-1) promoter……..62
16. Fraction of DNA bound as a function of the
concentration of RNA polymerase…………………………………………………………63
17. DNase I footprinting analysis of RNA polymerase
bound to the Alu156 and AluUnc promoters………………………………………….…... 65
18. Densitometric scan of the DNase I footprinting analysis of the Alu156 promoter…….…. 67

vii

19. DNase I footprinting analysis of RNA polymerase
bound to the Alu156, AluUnc, and AluUP promoters…………………………………… 68
20. Transcriptional activity of the wild-type and reconstituted RNA polymerases…………. 71

viii

ABSTRACT
Adenine-tract mediated, intrinsic DNA curvature is found upstream of highly transcribed
promoters in bacteria. In Bacillus subtilis, curved DNA immediately upstream of the core
promoter stimulates promoter function. The curved DNA functions in a position-sensitive
fashion indicating that it likely interacts with the RNA polymerase. There are two components
of the curved DNA that mediate this interaction with RNA polymerase, the A+T rich nature of
the runs of adenines spaced with the helical repeat of the DNA and the curved shape of the DNA.
The α subunit of the RNA polymerase from Escherichia coli is known to bind to A+T rich DNA.
As predicted from the conservation of the amino acid sequences for E. coli and B. subtilis α
subunits, the B. subtilis α subunit bound the adenine tracts of the curved DNA. The shape of
curved DNA promotes DNA structuring in which the DNA is wrapped about a protein. Since B.
subtilis RNA polymerase is known to wrap the DNA about the enzyme, curved DNA would
favor this wrapping. To determine the role of α subunit binding in the enhancement of
transcription initiation by curved DNA, the DNA binding domain of B. subtilis α subunit was
deleted. With a deletion of 36 amino acids from the carboxyl terminal end of α, the ability to
bind A+T rich DNA sequences was abolished and the ability of RNA polymerase containing this
α subunit to be affected by the curved DNA was significantly reduced. While promoters with
curved DNA were transcribed more effectively than those with A+T rich DNA, a functional α
was necessary for the curved DNA to fully stimulate transcription initiation. With a deletion of
59 amino acids from α, the subunit lost sequence recognition but demonstrated strong non
specific DNA binding. Reconstituted RNA polymerase containing this truncated α subunit failed
to exhibit significant transcription activity but generated a normal pattern of promoter binding by
DNase I footprinting. This indicated that the interaction of the α subunit with other subunits in
ix

the enzyme during transcription initiation was impaired by the deletion of 59 amino acids from
the carboxyl terminus of α.

x

INTRODUCTION
Bacteria live in a wide variety of habitats and have evolved diverse molecular
mechanisms to modulate their response to fluctuating environmental conditions. Transcription is
the first step in the cascade of events leading to gene expression. The formation of a transcript is
divided into three sequential steps namely initiation, elongation, and termination. Transcription
initiation is an intricate multi-step process involving three major elements: 1) DNA dependent
RNA polymerase (RNAP). 2) A promoter, a specific DNA sequence to which the RNAP
recognizes and binds. 3) Regulatory proteins that stimulate or inhibit transcription.
Furthermore, structural variations in the DNA such as intrinsic DNA curvature contribute to
transcription initiation in some promoters.
DNA-dependent RNA Polymerase. The pivotal role of the enzyme RNAP is to catalyze the
copying of the template strand of a gene into a complimentary RNA transcript. There are
approximately three thousand molecules of RNAP in a fast growing cell, only half of these
molecules are actively synthesizing RNA. The holoenzyme form of Escherichia coli RNAP is a
multi-component enzyme consisting of at least four protein subunits: α (36,152 Da) is present as
a dimer, β (150,619 Da), β' (155,162 Da), and σ (70, 263 Da) for the principal vegetative σ
subunit. The sigma subunit (σ) is involved in promoter recognition during transcription
initiation and is then released from the rest of the enzyme to form a core enzyme (Chamberlin,
1982; Helmann and Chamberlin, 1988). The β' subunit makes non-specific contacts with the
DNA template and the β subunit binds ribonucleoside triphosphates. These two subunits form
the catalytic site in the transcription bubble (Mooney, et al., 1998). The α subunit consists of
329 amino acids and is organized into two independently folded domains joined by a flexible
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linker. The N terminal domain consisting of residues 8-231, contains the primary determinant
for the dimerization of α and is indispensable for the assembly of the holoenzyme (Blatter, et al.,
1994). The holoenzyme is assembled sequentially in the order 2α → α2→ α2β→ α2ββ'→ Eσ.
One of the two α subunits interacts with the β subunit (residues 30-75) while the other α contacts
the β' (residues 175-210). This domain is nearly absolutely conserved among α homologs of
prokayotes, archaebacteria, chloroplast, and eukaryotes (Heyduk, et al., 1996). The C terminal
domain (CTD) downstream from residue 245 plays a role in transcription initiation, elongation,
and termination. It contains the secondary weak determinant for the dimerization of α. Nuclear
magnetic resonance analysis of the three-dimensional structure of the αCTD reveals a compact,
globular structure comprising of four short helices, two helical turns, and a long defined C
terminal loop. The C terminal end of helix 1, the N terminal end of helix 4, and the loop
between helices 3 and 4 are used for interacting with both cis-acting DNA elements and transacting protein factors during transcription initiation (Jeon, et al., 1995). The α subunit of
Bacillus subtilis is highly homologous to its counterpart in E. coli. The E. coli α subunit
consisting of 329 amino acids exhibits an identity of 46% with the 314 residues of the α subunit
of B. subtilis (National Center of Biotechnology Information, NCBI).
B. subtilis is a Gram positive sporulating organism. The RNAP of E. coli and B. subtilis
are structurally and functionally similar. Both enzymes have similar core subunit composition
and recognize similar consensus sequences (Achberger and Whiteley, 1981; Doi, 1982; Moran,
et al., 1982; Juang and Helmann, 1994). Initiation of transcription is inhibited similarly in the
two organisms by the drug rifampicin. However, there are some variations in the subunit
composition of the two holoenzymes. There is one omega (ω) subunit in E. coli and two omega
subunits in B. subtilis . This factor is involved in the last stage of enzyme assembly when β'
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associates with the α2β subassembly (Ghosh, P. et al., 2001). Furthermore, B. subtilis has an
additional subunit, the delta subunit (δ) (21Da) that confers promoter specificity. The δ subunit
acts in concert with the σ subunit to enhance promoter selectivity. Thus the functions
accomplished by σA and δ of B. subtilis are performed solely by σ70 of E. coli. The δ subunit
alters the conformation of the polymerase reducing its affinity to weak and non-specific
templates. This destabilizes the non-productive binary complexes formed at these sites. This
subunit also enhances the efficiency of transcription by allowing the efficient recycling of the
RNA polymerase in multiple transcription cycles. It has the unique ability of displacing the
nascent RNA bound to the enzyme (Achberger and Whiteley, 1981; Achberger, et al., 1982; Juan
and Helmann, 1994; Lopez de Saro, et al., 1995, 1999).
Another major difference between the holoenzymes of E. coli and B. subtilis is that the
latter enzyme could contain one of a large number of sigma factors. E. coli has six different
sigma factors that recognize unique promoter sequences distinct from the standard promoter.
There are a total of seventeen sigmas in B. subtilis. During the process of sporulation, the
principal vegetative cell σA , which controls the majority of cellular transcription is replaced by
five alternative σ factors that control both the timing and localization of spore expression.
Holoenzymes containing σ factors: σH, σF , σE , σG , and σK appear successively during
development. The sigmas, σA and σK, are active before the formation of a polar septum that
partitions the cell into a larger mother cell and a smaller forespore. The other four σ s, σF , σE ,
σG , and σK are specific to each cell type. The σF factor is produced in the mother cell and does
not become active until after asymmetrical division. The σE subunit is active exclusively in the
mother cell and is required for prespore formation. The σE and σF factors induce the expression
of the sigma factors, σK and σG respectively . The σG co-ordinates fore-spore specific genes
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while σK directs the transcription of genes that code for the cortex and coat proteins that
encapsulate the forespore (Losick and Stragier, 1992; Ju. et al., 1999). Besides its role in
sporulation, σH has been proposed to direct the transcription of genes associated with the
transition of exponential growth to stationary growth (Britton, et al., 2002). Alternate σ factors
are also activated in response to fluctuating environmental conditions. The sigma factor, σB
(σ37), controls a regulon of genes activated in response to environmental stress or energy
depletion while σD (σ28) is involved in the regulation of morphogenesis, chemotaxis and the
nutrient stress response (Helman and Chamberlin, 1987; Helman, et al., 1988; Akbar, et al.,
2001). The σW regulon controls genes that protect the cell against strong alkaline agents that
impair cell wall biosynthesis (Wiegert, et al., 2001). In response to elevated temperatures, σX is
activated (Huang, et al., 1997). Anti-sigmas modulate the expression of these alternative σs.
Promoters. A promoter is a unique DNA sequence to which the RNAP recognizes, binds and
initiates transcription. A consensus promoter sequence has been derived from sequence
comparisons of several promoters. The Eσ70 of E. coli and E σA of B. subtilis recognize a
TATAAT sequence located approximately ten base pairs upstream from the transcriptional start
site (+1). A second conserved region, TTGACA, is located seventeen base pairs upstream of the
-10 region (Rosenberg and Court, 1979; Siebenlist, et al.,1980; Hawly and McClure, 1983;
Harley and Reynolds, 1987). There is an optimal spacing of seventeen base pairs between the
two recognition regions in the consensus promoter sequence. With a few exceptions, the greater
the similarity of the -10 and the -35 regions to their conserved sequences the “stronger” the
promoter. The strength of a promoter is directly related to the binding affinity of the RNAP to
the promoter. Mutations causing divergence from the consensus sequence significantly reduced
transcriptional activity while mutations increasing the level of homology with the consensus
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sequence enhanced the promoter activity. Regions 2.3 - 2.5 of σ70 interact with the -10 element
promoting DNA melting. A helix-turn-helix motif in the region 4.2 of the σ70 subunit interacts
with the -35 region and plays a critical role in promoter recognition and the initial binding of the
polymerase (Barne, et al., 1997; Darst, et al., 1997). Although, the major vegetative forms of the
RNAPs from B. subtilis and E. coli recognize the same consensus sequences, some differences
were reported in B. subtilis. It was observed that the RNAP from E.coli could utilize all B.
subtilis promoters efficiently but the counter wise is not true. This suggests that the B. subtilis
RNAP is more sensitive to structural requirements in the DNA sequence adjacent to the -10 and
-35 regions (Wigg, et al., 1979; Lee, et al., 1980; Moran, et al., 1982; Galas, et al., 1985; Graves
and Rabinowitz, 1986; Henkin and Sonenshein, 1987; Whipple and Sonenshein; 1992).
The TG motif located one base pair upstream of the -10 element has been found in
several promoters of E. coli called the extended -10 promoters. This dinucleotide facilitates
additional contacts with the σ70 of the holoenzyme and compensates for the necessity of a highly
conserved -35 region. A similar TGTG motif has been found in forty five percent of the B.
subtilis promoters and was called the -16 region. These promoters, however, contain a highly
conserved -35 region as well as conserved A and T tracts upstream of the -35 element (Voskinil,
et al., 1998).
A tract of five adenines has been found in the -3 and -7 regions of some Gram-positive
promoters (Graves and Rabinowitz, 1986). There are other sequences, which influence promoter
strength. An A+T rich sequence located between -40 and -70 of the B. subtilis spoVG promoter
enhanced transcriptional activity in vivo and in vitro. Similar upstream promoter elements have
been found in the rrnB P1 promoter and the flagellin (hag) promoter of B. subtilis, which
stimulated transcriptional activity in vivo and in vitro 30 and 20 fold, respectively. This 20 base
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pair region rich in adenine and thymine bases has been defined as the third recognition promoter
element that mediates interactions with the αCTD (Gourse, et al., 1986; Fredrick, et al., 1995).
To be fully functional, many genes require accessory proteins and regulators. These regulators
can act as repressors or activators and regulate promoter function.
Transcription Initiation Kinetics. Kinetic studies in transcription initiation have been done
extensively in E. coli. Transcription initiation is a complicated process with a series of defined
biochemical intermediates (Chamberlin, 1974; Von Hippel, et al., 1984; McClure, 1985). The
first model was proposed by Chamberlin and consists of two kinetic intermediates. In the first
model, the bipartite model, the RNAP (R) recognizes and binds to the promoter(P) to form a
closed complex (RPC ). The closed complex then isomerizes to an open complex (RPO) in which
twelve or more base pairs are melted to form a transcription bubble. This exposes the template
strand to RNAP for RNA synthesis (Siebenlist, et al., 1980; Kirkegaard, et al., 1983).
The existence of at least two intermediate complexes prior to isomerization has been
documented (Rosenberg, et al.,1982; Roe, et al., 1984; Roe and Record, 1985; Buc and McClure,
1985; Duval-Valentin and Ehrlich, 1987). These two intermediates are included in the following
modified rate equation:
R + P Q RPC1 Q RPC2 Q RPO Q RNA synthesis
First the RNAP binds to the promoter and forms a less stable closed complex (RPCI)
(Kadesch, et al., 1982; Rosenberg, et al., 1982). A conformational change possibly leading to
the partial unwinding of the DNA helix forms a second closed complex, RPC2 (Roe, et al., 1984;
Buc and McClure, 1985). Isomerization leads to open complex formation in a temperature
dependent process. Increasing the temperature drives the isomerization of the initial closed
complex to the open complex. Abortive RNA synthesis has been recognized as an intermediate
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step between open complex formation and productive RNA synthesis (Carponis and Gralla,
1980). The RNAP of E. coli can go through multiple cycles of abortive initiation whereby short
RNA oligomers are released from the transcription complex. After the synthesis of nine to
eleven bases of RNA, promoter clearance occurs and the RNAP complex enters the productive
state (Grachev and Zaychikov, 1980; Straney and Crother, 1985; Carpousis and Gralla, 1985).
Transcription Elongation and Termination. With promoter clearance, the RNAP releases the
promoter, σ is released and the core polymerase enters the elongation phase. The core
polymerase without σ binds more tightly to the DNA template and is highly processive,
synthesizing long chains of RNA. However, transcription elongation is discontinuous and is
interrupted by pause, arrest and termination signals. Pausing, a temporary delay in elongation
synchronizes transcription and translation, slows down the RNAP to allow it to interact with
regulatory factors and promotes dissociation of the transcription elongation complex at Rho
dependent and Rho independent terminators. The elongation factor, NusA, enhances pausing at
sites found immediately downstream of the RNA stem loop structures or hair-pins. In addition,
NusA also increases the efficiency of termination at intrinsic terminators. These terminators
contain a twenty base pair DNA sequence transcribed to form a stable RNA hairpin followed by
a stretch of seven to eight uridine residues in the nascent transcript (von Hippel, 1998; Erie, et
al., 2002; Fish, et al., 2002).
The αCTD influences NusA’s ability to control pausing and termination. Mah and his
coworkers (2000), studied the interactions of the αCTD with the carboxy terminus of NusA.
These interactions are only essential if the C terminal domain of NusA is present. The N
terminus of NusA, although lacking its ability to interact with α , still retains its RNA binding
potential. It was proposed that residues within the carboxy terminus inhibit NusA’s ability to
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bind to the nascent transcript. Hence, the NusA- αCTD interactions relieve this auto-inhibitory
property of NusA inducing a conformational change in the protein that exposes its RNA binding
domain. NusA is thus able to bind and stabilize stem loop RNA motifs in the 3' end of the
nascent transcript leading to the enhancement of pausing and termination. This proposal was in
agreement with previous observations made by Liu, et al. (1996).
Transcription termination can either be intrinsic to the function of the RNAP or dependent
upon the essential protein factor, Rho. The Rho protein is a RNA binding protein, which
functions as a hexamer. The termination reaction catalyzed by this protein is complex. Current
models suggest that Rho binds to the unstructured nascent transcript and translocates 5' to 3'
along the RNA in an ATP dependent manner until it encounters the RNAP. It then catalyzes
the release and dissociation of the transcript from the RNAP and the DNA template (Pasman and
von Hippel, 2000). Kainz and Gourse (1998) proposed that the αCTD may play a role in Rho
dependent transcription termination. They observed that Rho dependent termination was
stimulated in vitro on addition of NusA. This could infer that termination efficiency is solely
attributed to NusA. However, mutant RNAPs lacking the αCTD that could still be stimulated by
NusA were defective in Rho dependent termination.
The kinetic characterization of transcription initiation is complex involving several
intermediates and has thus been simplified into a two step mechanism. The initial binding of the
RNAP to the promoter leading to the formation of RNAP-promoter closed complexes is defined
by the equilibrium constant, KB, and consequent steps involving isomerization of closed
complexes to open complexes are combined into a forward rate constant, Kf. Activator proteins
can increase transcriptional activity by affecting the rate limiting steps in transcription.
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Modulation of RNAP Binding to the Promoter. Regulation of transcription initiation can be
influenced by accessory proteins that can either increase or decrease promoter activity and the
initiation of transcription. Proteins that block the binding of the RNAP to its core promoter
elements can mediate negative regulation of transcription. A classical paradigm is the LacI
repressor of the lac operon in E. coli.
A gene or operon can be positively regulated by two mechanisms: 1) The activator can
induce a conformational change in the DNA structure around a promoter. 2) Direct contact
between the activator RNAP on the DNA. The alpha subunit serves as a target for a variety of
transcriptional activators. Contact sites have been mapped on the RNAP for various
transcription factors. Two contact sites have been identified in E. coli namely contact site I,
located within the C terminus of the α subunit and contact site II located within the C terminus
of the σ70 subunit. Hence, class I transcription factors generally bind upstream of the promoter
while class II transcription factors bind to a site overlapping the core promoter. Several sub-sites
consisting of five to ten amino acids have been mapped within the carboxy terminus of α, each
interacting with a different transcription factor such as CRP, Ada, IHF, OmpR, and OxyR.
Mutant RNAPs lacking 94 amino acids from the carboxy terminus of the α subunit are capable of
assembly in vitro but cannot be activated by class I transcription factors (Ishihama, 1992, 1993).
Catabolite activator protein (CAP), also known as the catabolite receptor protein (CRP),
is a global regulator activating more than a hundred genes in response to glucose starvation and
other stresses. An allosteric effector, cyclic adenosine monophosphate, triggers the activity of
CRP. Each subunit of the CRP homodimer contacts a 22 base pairs two fold symmetric DNA
site, inducing a sharp bend in the DNA estimated to be 80º (Busby and Ebright, 1999). The two
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CRP dimers can interact independently with the two α subunits directing its position on the
promoter (Murakami, et al., 1997). CRP dependent promoters can be grouped into three classes.
At class I CRP dependent promoters, the CRP binding site is centered near positions -93,
-83, -72 or -62, with respect to the transcriptional start site. The best characterized class I CRP
dependent promoters is the lac promoter, which has a CRP binding site centered between 61 and
62 base pairs upstream of the transcriptional start site. CRP activates transcription by making
direct contact with the RNAP via a surface exposed β turn involving residues 156 to 164,
designated as activating region 1 (AR1). These protein - protein interactions between the
carboxy terminus of α and AR1 in the downstream subunit of the CRP dimer favors the
recruitment of the polymerase. The αCTD also makes non-specific interactions with the DNA
segment adjacent to the CRP binding site. In the wild-type lac promoter, this DNA segment has
no specific sequence and the αCTD does not have an affinity to this site. If this DNA segment,
however, is replaced by an UP element subsite or a second CRP site, transcription is increased
several fold (Busby and Ebright, 1999). In a class I CRP dependent promoter where the CRP
binding site is centered at position -61.5, only one copy of the αCTD (interchangeably αCTDI or
αCTDII ) suffices for CRP dependent transcription (Lloyd, et al., 2002). Law, et al. (1999)
suggested that there is insufficient space to accommodate both αCTDs side by side. If each
αCTD protects 11 base pairs of DNA, one of the two αCTDs must be displaced to another face
of the helix. Reconstituted RNAP with truncated α subunits lacking the C terminal domain are
incapable of initiating transcription at class I promoters.
Alanine screening was used to identify the three regions within the αCTD responsible for
interacting with CRP. The first determinant, the 287 determinant, is composed of residues
285-288 and 315-318. This region constitutes a contact surface that directly interacts with
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AR1 of CRP. Point mutations in the 287 determinant interfered with the αCTD-CRP
interactions. The second determinant termed the 265 determinant includes arginine 265 amongst
other amino acids. This determinant is involved in both sequence specific and non-specific
αCTD-DNA interactions. The relative contributions of residues within this determinant vary
from promoter to promoter. Arginine 265 plays a significant role in CRP dependent
transcription in the lac promoter. This may be due to the differential binding affinity of the
αCTD to various promoter sequences. Alanine substitutions within the 265 determinant
differentially affected activation at two ribosomal promoters rrnB P1 and rrnE P1. Benoff and
his co-workers (2002) have identified the crystal structures of a CRP- αCTD-DNA complex and
an αCTD-DNA complex. The third determinant is on the face of the αCTD opposite the 287
determinant. This determinant is proposed to mediate protein-protein interactions with σ70
(Savery, et al., 2002). Ozoline and his colleagues (2000) used a fluorescent probe conjugated to
various positions on the αCTD to study the conformational changes upon interaction with CRP.
Spectral changes of the ternary complexes were significantly different from the RNAP-DNA
binary complexes. This implies that CRP rearranges the topology of the DNA contact surface of
the αCTD.
The inter domain linker allows the rotational mobility of the C terminal domain of the α
subunit and permits this domain to interact with CAP binding sites located farther upstream from
the transcriptional start site (eg. near position - 93, near position -83, or position -72). The
length of this accessible region between amino acids 236 to 249 is well conserved in eubacterial
α subunits. Deletions of only three amino acids exhibited fifty percent inhibition of CRP at class
I CRP dependent promoters while a deletion of a further three amino acids completely knocked
out CRP - dependent transcription. Decreasing the linker length disrupts the interactions
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between the 287 determinant on the αCTD and the AR1 of the downstream subunit. Linker
extensions of more than six amino acids impair CRP dependent transcription but do not
completely abolish CRP function. Insertions within the linker increase the probability of CRP
making non productive contacts with distant sites upstream of the core promoter (Jeon, et al.,
1997; Meng, et al., 2001).
At class II CRP dependent promoters such as galP1, the CRP binding site overlaps the
core promoter at position - 41.5. Transcriptional activation at these promoters involves two
mechanisms: anti-inhibition and direct activation. Only one of the two copies of the αCTDs,
preferentially the αCTD that faces the β subunit (αCTDI), interacts with AR1 of the upstream
subunit of the CRP dimer. This protein - protein interaction overcomes an inhibitory effect of
the αCTD. At class II dependent promoters, CRP interacts with the DNA segment immediately
upstream of the -35 region necessitating the displacement of the αCTD from its preferred
location to a less preferred location farther upstream. Hydroxyl radical DNA footprinting of the
galP1 promoter show protected areas in the region between -55 and -40 by the αCTD in the
absence of CRP. Upon interaction with CRP, αCTD interacts with the DNA segment between
positions -74 and -58. Thus the αCTD is dispensable for transcription initiation at class II CRP
dependent promoters (Busby and Ebright, 1997, 1999). Mutant RNAPs lacking the CTD of the
α subunit were activated by CRP in the gal operon (Ishihama 1991, 1993; Kolb, et al., 1993).
The interactions between AR1 and the αCTD results in an increase in the binding constant KB,
for the formation of RNAP-promoter closed complexes. The increase in KB arises from two
sources. First, these protein - protein interactions aid in the recruitment of the RNAP to the
promoter, increasing the affinity of the polymerase to the promoter DNA. Secondly, the
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AR1 - αCTD compensates for the energy cost endowed in displacing the αCTD from its
preferred location in the - 42 region to a region farther upstream on the promoter. AR1 is
proposed to mediate protein - protein interactions between the 287 determinant of the αCTD and
CRP. The amino acids within the 265 determinant of the αCTD interact with the DNA segment
adjacent to the CRP site (Busby and Ebright, 1997, 1999; Savery, et al., 1998).
Direct activation is mediated via protein - protein interactions between activating region 2
of the downstream subunit and the N terminal domain of the α subunit (NTD). AR2 consists of
residues 19, 21, 96 and 101 carrying a net positive charge, which compliments the negatively
charged residues (162-165) in the NTD of the α subunit. These electrostatic interactions have no
effect on the binding constant, KB, but increases Kf , promoting isomerization of closed
complexes to open complexes. Two mechanisms have been proposed to account for the increase
in the rate constant, Kf . The AR2 - αNTD could trigger an allosteric change between inactive
and active RNAP conformations or it could stabilize the transition state between closed and open
complexes. The second mechanism is favored as the electrostatic interactions between AR2 and
αNTD become stronger in the transition state between closed and open complexes.
At class II CRP-dependent promoters, all interactions essential for the stimulation of
transcription are made upstream of the CAP binding site and thus upstream of the locus of the
CRP induced DNA bend. Thus DNA bending plays a more critical role in transcription
activation at class II promoters than class I promoters where CRP- αCTD and αCTD-DNA
interactions take place downstream of the CRP binding site (Niu, et al., 1996; Busby and
Ebright, 1997, 1998).
Residues 53-58 in CRP form the activating region 3, which contacts region 4 of σ70 via
electrostatic interactions. These interactions result in an increase in Kf . In the wild-type CRP
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subunit, Lysine 52 within the activating region 3 has an inhibitory function. This positively
charged residue does not electrostatically compliment the residues of σ70. Thus the inhibitory
determinant negates the activating effect of AR3. Transcription activation at class II promoters
can be substantially increased by substituting lysine with a neutral or negatively charged amino
acid (Busby and Ebright, 1997, 1999; Rhodius and Busby, 2000).
Deletions within the interdomain linker results in an increased activity of class II CRP
dependent promoters. Shortening the linker length suppresses the inhibitory role of the αCTD.
The αCTD is unable to make stable contacts in the -42 region negating the energy cost imposed
on displacing the αCTD. This results in an increase in KB. Insertions of more than six amino
acids impair CRP dependent transcription at class II promoters but do not inhibit CRP activity.
This is a result of the increased probability of the formation of non-productive ternary complexes
(Meng and Savery, 2000).
In the gal operon, the paradigm of class II CRP dependent promoters, the αCTD can
bind to three sites. This regulatory protein has two overlapping promoters that are controlled by
CRP, namely P1 and P2. CRP activates P1 and represses P2. In the absence of CRP, the αCTD
binds upstream of both promoters, P1 and P2. CRP displaces the αCTD from its preferred
position overlapping the CRP binding site to a site farther upstream of the bound CRP (Belyaeva,
et al., 1996).
In the third class of CRP dependent promoters, multiple CRP dimers can synergistically
activate transcription. Two copies of the αCTD are required to interact with the CRP
homodimer. One αCTD contacts the downstream CRP subunit whilst the other αCTD is free to
track after the upstream CRP dimer. The highest promoter activities were observed in promoters
where the optimal spacing between the two CRP binding sites is 49 base pairs or 61 base pairs.
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In this situation, both αCTDs can be accommodated between the two CRP dimers. If the
distance between the two CRP binding sites is reduced, only one of the αCTD can be
accommodated between the two CRP dimers and the other is displaced farther upstream of the
upstream CRP dimer. The separation of the two αCTD domains of the α subunit results in a
reduction of transcriptional activity. Different transcription factors can interact with CRP
synergistically activating transcription (Belyaeva, et al., 1998; Busby and Ebright, 1999).
The Intergration Host Factor (IHF), a class I transcriptional factor, participates in various
cellular processes including site-specific recombination, phage packaging, replication, and gene
expression. IHF can either act as an activator or as a repressor. Its sequence specific recognition
site can be located in several places ranging from farther upstream to downstream of the
promoter. IHF induces a bend in the DNA facilitating contact between the RNAP and the
activator. The expression of the early promoter (Pe) of the bacteriophage Mu is dependent upon
interactions of the αCTD with the UP element and IHF. Mutant RNAPs lacking the CTD of the
α subunit were severely impaired in transcriptional activity at this promoter (van Ulsen et al.,
1997). In the σ54 dependent systems, IHF acts as a co-regulator. E σ54 recognizes the conserved
sequences at the -12 and -24 regions but is unable to initiate transcription in the absence of
ancillary factors. These regulatory proteins collectively known as the NtrC family bind to
upstream activating sequences located more than a hundred base pairs from the core promoter.
Bertoni and his colleagues (1998) observed that mutant polymerases lacking the C terminus of α
affected promoter activity in vivo. It was proposed that the αCTD participates in promoter
recognition by interacting with this upstream activating sequence. IHF does not directly promote
open complex formation but plays a key role in the mechanism of activation at these promoters.
Binding of IHF to its consensus sequence induces a bend in the DNA looping out the intervening
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region between the upstream activating sequence and the core promoter. This facilitates
contact between the activator and σ54. In addition, this distortion in the DNA strengthens the
interactions of the αCTD and σ54 with the UP element and the core promoter, favoring the
recruitment of the RNAP.
The CTD of the α subunit also plays a significant role in the two component systems of
Agrobacterium tumefaciens and Vibrio fischeri. In Agrobacterium tumefaciens the interactions
of the αCTD with the VirG activator protein facilitates the transfer of genes coding for the
synthesis of auxins and cytokines into the infected plant (Lohrke, et al., 1999). This ultimately
leads to the production of the characteristic tumors. Protein – protein interactions between the
αCTD of the RNAP in Vibrio fischeri and the LuxR protein also regulates gene expression in a
cell density dependent manner (Finney, et al., 2002). A recent study conducted by Najmanova,
et al., (2000) showed that there two forms of the α subunit in the spores of Streptomyces
granaticolor. Only the larger subunit was found in vegetative cells. This suggests that during
the process of sporulation there must be a proteolytic mechanism catalyzing the truncation of
the C terminal domain of one of the α subunits.
The activator protein, FIS (factor for inversion stimulation) is a site-specific DNA
binding protein, which participates in a variety of processes including factor inversion and
transcriptional activation. Fis increases transcription at the ribosomal promoters rrnB P1 and
rrnE P1 by an additional 4 to 10 fold (Ross, et al., 1990). In the rrnB P1 promoter, Fis binds to
three sites on the same face of the helix as the RNAP. Since a deletion of the two sites located
most upstream reduces transcriptional activity by only 30%, Fis appears to activate the rrnB P1
promoter primarily via site 1. One of the αCTD interacts with one of the subunits of the Fis
dimer. This protein-protein interaction is mutually cooperative whereby the RNAP enhances the
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affinity of Fis for site 1 and Fis in turn increases the binding of the RNAP to the promoter. Fis
induces a substantial bend in the DNA of 40 - 90º, which possibly plays a role in the positioning
of Fis with respect to the RNAP. It was observed that the rrnB P1 promoter exhibited a 30-fold
increase in transcriptional activity in fis - strains. This was referred to as factor independent
activation. (Josaites, et al., 1990; Newlands, et al., 1991; Bokal, et al., 1995, 1997; Aiyar, et al.,
2002)
Factor Independent Activation. The strongest promoters in E. coli are the ribosomal
promoters, which account for more than half of the cells transcriptional activity. In order to
release a transcript per second, these promoters have evolved a so called “UP element” located
upstream of the core promoter. UP elements have been found in a variety of promoters like the
flagellin promoter of B. subtilis and the PL2 and Pe promoters of bacteriophages Lamba and Mu
respectively. In E. coli, more than a third of the rRNA promoters and 3% of the mRNA
promoters have this upstream sequence. The classical example of an UP element is the rrnB P1
promoter that stimulates activity at least 30 fold in vivo (Gourse, et al., 2000; Meng, et al., 2001).
When the UP element of rrnB P1 was fused to the lacUV5 promoter, an activator
independent promoter, an increase in transcriptional activity was observed. This indicates that it
is a separate promoter module distinct from the -10 and -35 regions (Ross, et al., 1993; Rao, et
al., 1994). The CTD of the α subunit of the RNAP interacts with this DNA sequence in the -40
to -60 region stimulating transcriptional activity. Reconstituted RNAPs containing truncated α
subunits are incapable of this factor independent transcription. Moreover, the αCTD as well as
intact α can bind as a dimer to this upstream sequence, although with a much lower affinity than
the holoenzyme. Each of the αCTD protomers interacts with bases in the minor groove of the
UP element via its helix-hairpin-helix-motif. This was concluded from experiments using the
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drug distamicin, which binds to the minor groove blocking the binding of α and inhibiting UP
element dependent transcriptional activity (Ross, et al., 2001). The interactions of the αCTD
with the UP element favors the recruitment of the RNAP to the promoter increasing the binding
constant, KB, for the formation of closed complexes and the rate constant, Kf , for the
isomerization of closed complexes to open complexes (Leirmo and Gourse, 1991; Rao, et al.,
1994; Strainic, et al., 1998).
The residues in the DNA binding domain of the αCTD, the 265 determinant, are highly
conserved in eubacteria suggesting an UP element consensus sequence. Estrem and his
co-workers (1998) developed an in vitro selection followed by an in vivo screen to derive an UP
element consensus sequence. When fused to the rrnB P1 promoter in place of the native UP
element, the consensus sequence increased transcriptional activity about five fold more than the
wild-type rrnB P1 promoter. This twenty base pair sequence was extremely A+T rich with an
intervening T tract between the two A tracts. This consensus sequence reads from 5' to 3' as
follows - 59 nnAAA(A/T)(A/T)T(A/T)TTTTnnAAAAnnn - 38, where n represents any base.
Promoters that contain good matches to the consensus sequence such as the rRNA promoters,
rrnB P1 and rrnD P1 displayed high transcriptional activity. UP elements with poor matches to
the consensus sequence could only increase promoter activity two to four fold. These include
promoters of λPL2 , phage Mu and Pe, rrnB P2, RNA II and merT (Estrem, et al., 1998). Several
lines of evidence indicate that the UP element consists of two subsites, a proximal subsite
centered at position -42, and a distal subsite centered at position -52. The proximal subsite
requires only one copy of the αCTD and can stimulate transcription up to 170 fold over the same
promoter without an UP element (Estrem, et al., 1999). If this subsite is placed upstream of a
CRP binding site on the promoter DNA, a higher level of CRP activity was observed (Lloyd, et
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al., 2002). Binding of the αCTD (interchangeably αCTDI or αCTDII ) to the proximal subsite
stimulates the binding of the other αCTD to the distal subsite. The consensus proximal subsite
(- 46 5' AAAAAARNR 3' - 38) is significantly different from the consensus distal subsite
(- 57 5' AWWWWWTTTTT 3' - 47). This latter subsite alone caused an insignificant increase
in transcriptional activity of 16 fold. This may infer that the transcriptional activity of each
subsite is related to its proximity to the -35 element.
The inter domain linker tethering the αCTD allows it to contact this A+T rich sequence
upstream of the core promoter. Deleting six amino acids from the inter domain linker reduced
transcriptional activity, which correlated with the decreased binding of αCTD to the UP element.
Shortening the linker by removing six more amino acids completely abolished transcriptional
efficiency. This significantly compromised the ability of the αCTD to interact with the UP
element. Insertions within the linker were less deleterious but it did not significantly enhance
transcriptional activity in promoters where the UP element is displaced (Fujita, at al., 2000;
Meng, et al., 2001).
The UP element must be properly positioned with respect to the core promoter to obtain
maximal activity. The stimulatory effect of an UP element is highest when positioned in the
- 43 region (Chen, et al., 2003). Displacing the UP element by one helical turn (11 base pairs)
resulted in only a 5-fold activation of the rrnB P1 promoter, while displacement by half a turn of
the helix or two turns abolished UP element dependent activation (Meng, et al., 2001). These
results are in agreement with previous findings of Josaites and his colleagues, 1990. A similar
observation was found in the malT promoter where an improperly positioned UP element
inhibited promoter function in the absence of CRP. In this promoter, the UP element relative to
the rrnB P1 promoter is located five base pairs farther upstream (Tagami, et al., 1999). This
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suggests that the αCTD must be on the same face of the DNA helix as the rest of the polymerase.
It is plausible to conclude that the αCTD contacts σ bound at the core promoter. Cross-linking
studies and recent genetic evidence demonstrate interactions between the αCTD and the σ
subunit (Meng, et al., 2001; Kolasa, et al., 2002). X-ray structures of the αCTD - DNA complex
(Benoff et al., 2002) and the Thermus aquaticus σ - DNA complex (Campbell et al., 2002)
suggest that the 261 determinant of the αCTD is positioned immediately adjacent to residues in
region 4.2 of the σ subunit. This proximity favors electrostatic interactions and direct
side chain-side-chain contacts between the two subunits (Chen et al., 2003). Ross and his coworkers (2003) used alanine scanning to identify the amino acids involved in these proteinprotein interactions. The proposed interactions involve the acidic side chains of D259 and E261
on the αCTD with the basic side chains of R603 on σ70. Intrinsically curved DNA could also
contribute to enhancing the affinity of these protein-DNA interactions.
Curved DNA. There are many unusual forms of DNA. Amongst these, intrinsic DNA
curvature has been extensively studied and its biological significance in enhancing promoter
function has been shown. Curved DNA is characterized by runs of four to six adenines in phase
with the helical repeat of 10.5 base pairs per turn of the B form helix. This results in the
progressive narrowing in the minor groove of the DNA helix. This periodicity places the A
tracts on the same side of the helix and allows the angle of deflection from the helical axis
resulting from each A tract to be additive, thus leading to a large overall bend in the DNA
(Hagerman, 1985; Diekmann, 1986; Koo, et al., 1986). Besides the A tracts there are other
sequences that cause bending of the DNA. Certain dinucleotides such as AG, CG, GA or GC
can also induce or contribute significantly to DNA curvature (Bolshoy, et al., 1991). Compared
to the A tracts, they bend the DNA to a much smaller extent. DNA segments containing the
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sequences GGGCCC and GGCC appear to have altered DNA conformation consistent with DNA
curvature (Bruckner, et al., 1994; Goodsell, et al., 1993)
The molecular elucidation of intrinsic DNA curvature attributed to phased A tracts is still
under contention. The first model, the wedge model, a combination of a tilt and a roll forms a
wedge and an angle between adjacent AT base pairs in the DNA helix. The additive effect of
these small wedges results in a global bend in the DNA (Trifonov and Sussman, 1980;
Ulanovsky, 1987; Bolshoy, et al., 1991). To date, several contradictory models have been
proposed predicting the direction and degree of curvature. In a more feasible model, the DNA
helix is an A tract characterized by base inclination in the form of a negative roll leading to the
progressive narrowing in the minor groove (Haran, et al., 1994).
Role of Curved DNA in Prokaryote Promoters. The major determinants of promoter strength
are the highly conserved -10 and -35 regions and the intervening spacer length between the two
hexamers. However, sequences outside this region can also greatly influence transcriptional
activity (Lamond and Travers, 1983). It has been shown that intrinsically curved DNA generated
by a run of adenines located upstream of the -35 region can enhance promoter activity (Lamond
and Travers, 1983; Bossi and Smith, 1984; Galas, et al., 1985; Plankon and Wartell, 1987;
McAllister and Achberger, 1988; Hsu, et al., 1991; Tanaka, et al., 1991). A correlation between
intrinsic curvature and transcriptional activity has been established in several E. coli ribosomal
promoters and tRNA promoters (Bauer, et al., 1988), the OmpF promoter, the his and lpp
promoters (Verde, et al., 1981), the bla promoter from puc19 (Ohyama, et al., 1992), and the
Alu156 promoter of B. subtilis phage SP82 (McAllister and Achberger, 1988). Deletions made
within this upstream curved DNA significantly reduced promoter activity.
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Bracco and his colleagues observed that replacing the CAP binding site with synthetic
curved DNA could restore the transcriptional activity of the E. coli gal promoter. Similar
observations were made in the lac promoter (Gartenberg and Crothers, 1991). The addition of
distamicin to the galP1 promoter diminished transcriptional activity in the absence of CRP
(Lavigne, et al., 1992). However, Ellinger, et al. (1994) observed that there are exceptions in
that curved DNA inhibited promoters that are rate limited in the later steps of transcription such
as promoter clearance or elongation. In contrast, maximal promoter function was observed in
promoters that were rate limited in the early steps in transcription initiation. This suggests that
the increased binding stimulated by the A tracts mediates interactions of the RNA polymerase
with the promoter enhancing open complex formation in binding limited promoters while
slowing the escape of the polymerase from promoters that are rate limited in later steps in
transcription initiation. In the same study, displacement of the A tracts from the core promoter
severely impaired promoter activity. These observations are in agreement with previous studies
using the B. subtilis polymerase in which the rotational orientation of the curve was of greater
significance than the linear displacement of the A tract sequence (McAllister and Achberger,
1989).
The UP element, the A+T rich region upstream of the -35 region in some promoters,
also has multiple A tracts in phase with the helical repeat of the DNA helix conferring a
macroscopic bend in the DNA. This may suggest that the enhanced transcriptional activity could
be directly attributed to the intrinsic curvature of the A tract containing DNA. Moreover DNA
fragments of the rrnB P1 promoter region exhibited anomalous movement in a polyacrylamide
gel, another feature characteristic of curved DNA. This intrinsically curved DNA fragment was
identified in the -100 region and induced a bend of 80-108º. Since the bend is located fifty base
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pairs farther upstream of the UP element, it is unlikely to account for the 30-fold increase in
transcriptional activity in this promoter. It was concluded that the UP element stimulated
transcriptional activity by facilitating interactions with the α subunit of the RNAP (Gaal, et al.,
1994). This raised the controversy as to whether the stimulatory effect of the phased A tracts
was due to its function as an α binding site or due to intrinsic curvature. This question was
addressed in a study using hybrid promoter constructs containing a synthetic A tract fused to the
lac and rrnB P1 core promoters (Aiyar, et al., 1998). A marked increase in transcriptional
activity was observed in vivo and in vitro. Furthermore, DNase I footprinting patterns exhibited
protection of this A tract sequence by the wild-type RNAP and not by RNAPs containing the
truncated α subunits. In agreement with the optimal positioning of the UP element for efficient
function, maximal activity correlated with its proximity to the core promoter. Moreover, in
comparison to the rrnB P1 UP element and the best UP element, a two-fold and five-fold
reduction in transcriptional activity were observed with this A tract containing sequence. This is
consistent with its degree of similarity to the UP element consensus sequence. Sequences
containing only one tract sufficed to enhance promoter activity dramatically and a small increase
in the level of activity was observed on increasing the number of A tracts. It was proposed that
DNA curvature is not responsible for enhanced transcriptional activity but that these A tracts
function as UP elements facilitating interactions with the α subunit. However, these results were
not in agreement with the findings of Katayama and his colleagues (1999). The phospholipase C
gene of Clostridium perfringes has three A tracts forming an intrinsic bend immediately
upstream of the promoter. These A tracts modulate promoter function in a temperature
dependent manner; a more prominent stimulatory effect was observed at lower temperatures.
This temperature dependent stimulatory effect is not observed in the activation of the rrnB P1
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promoter by the UP element. Moreover, deleting the three poly A tracts sequentially reduced
transcriptional activity. On inserting five and fifteen base pairs, transcriptional activity was
lowered while insertions of eleven and twenty one base pairs restored promoter function. This is
because the rotational orientation of the curve in the mutant promoters (∆11 base pairs, ∆21 base
pairs) is in the same phase on the helix as the wild-type. Similar observations were observed
using the B. subtilis polymerase in different studies ( McAllister and Achberger, 1989; Frisby
and Zuber, 1991).
Previous Work in the Lab. Our laboratory has been studying the role of sequence-dependent
curvature on promoter function for more than a decade. The effects of A tracts on transcription
activity has been attributed to protein mediated DNA bending and structuring by the curved
DNA. Several promoters possessing this sequence dependent curvature upstream of the -35
region have been documented. The Alu156 promoter from the B. subtilis bacteriophage SP82
was selected for our studies. McAllister and Achberger (1988) observed that on deleting the
curved DNA upstream of the -35 region, transcriptional activity decreased by more than ten-fold
in vivo. Moreover, activation mediated by intrinsically curved sequences is dependent upon its
orientation relative to the promoter. Mutant promoters were constructed by inserting double
stranded oligonucleotides between the -35 region and the curved DNA (i.e. starting at -40)
displacing the curve relative to the rest of the promoter. For each base pair inserted, the curved
DNA was rotated by about 34º relative to the core promoter. Analysis of the transcripts using a
single round run-off transcription assay showed higher levels of transcriptional efficiency in
mutant derivatives where the curve is on the same face of the helix (∆11 base pairs, ∆21 base
pairs). In contrast, lower levels of transcriptional activity were observed in promoter constructs
of 6, 15, 17, and 29 base pairs where the curve is on the opposite side of the helix (Stemke,
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1993). These results confirmed previous observations in promoters in which properly aligned
curved DNA (eg. Wild-type Alu156 and the +11 and +21 insertion promoters) enhanced RNAP
binding and were efficiently transcribed in vivo and in vitro while misaligned curved DNA
relative to the core promoter decreased promoter efficacy (McAllister and Achberger, 1989).
Since some B. subtilis promoters are highly dependent upon curved DNA sequences
located upstream of the core promoter, characterization of the mechanism of transcription
stimulation was of interest. The wild-type Alu156 and a collection of Alu156 derived promoters
were used to study the effect of curved DNA on the binding of RNAP and the conformational
changes in the DNA leading to transcription. A DNase I digestion pattern of hypersensitive sites
followed by protected areas separated by a periodicity of ten base pairs is indicative of wrapping
of DNA around the RNA polymerase. Wrapping was observed in all promoters but was less
prominent in promoter constructs where the curved DNA was misaligned relative to the
promoter (McAllister and Achberger, 1989; Cheng, 1996). Wrapping was observed at 0ºC
where no detectable open complexes are formed. It was proposed that curved DNA enhances
promoter function by facilitating wrapping of DNA around the polymerase, which could
contribute to strand separation and transcription initiation (Cheng, 1996).
Hybrid promoters were constructed by placing the curved DNA of the Alu156 and
Bal129 promoters on E. coli phage λPL and λPR promoters. The binding potential of the E. coli
RNAP to these promoters was assayed. It was observed that curved DNA influenced the binding
of the RNA polymerase to the promoter DNA. DNase I cleavage patterns showed wrapping of
the curved DNA upstream of the promoter DNA around the E. coli RNA polymerase (Nickerson
and Achberger, 1995).
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Further studies examined the binding of the E. coli RNA polymerase to the wild-type
Alu156 promoter and its derivatives whereby the curved DNA upstream of the -35 region was
deleted or exchanged with non-curved DNA rich in adenines and thymines. Wrapping was
observed in the Alu156 promoter, which was disrupted on addition of heparin and high
concentrations of NaCl. These results confirmed prior observations of the electrostatic nature of
interactions involving curved DNA. A higher level of transcriptional activity was observed in
the wild-type Alu156 relative to its mutant derivatives (Jazbi, 1997). A similar study
investigated the interactions between the RNA polymerase of B. subtilis with various mutant
derivatives of the Alu156 promoter. This included promoters whereby the native curved DNA
was replaced by non-curved DNA rich in As and Ts and synthetically curved DNA containing
one, two or three A tracts positioned on the same face of the DNA helix relative to the core
promoter. It was observed that the levels of binding, DNA wrapping and transcription was the
highest in the promoter containing three A tracts almost and paralleled the transcriptional
efficiency of the wild-type Alu156 promoter. High levels of activity were observed in promoters
containing the A+T rich non-curved DNA sequences but the levels of activity were
comparatively lower than the original Alu156 promoter. These results suggest that there might
be two elements upstream of the -35 region of the Alu156 promoter that enhance transcriptional
activity 1) the (A+T) rich sequence that could favor the binding of α, and 2) DNA curvature
that could facilitate the wrapping of the upstream DNA around the RNA polymerase (Odeh,
1998).
The primary goal of this research was to investigate the interactions mediated by
sequence dependent curved DNA upstream of the promoter with the α subunit of B. subtilis. In
an attempt to separate the contribution of the AT content of curved DNA, the α subunit of the
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RNA polymerase was modified to delete the DNA binding site. The interactions of the truncated
α subunits with the curved DNA was studied with the free α dimers and with the truncated α
subunits incorporated into the RNA polymerase. These interactions were examined through a
series of assays designed to study DNA binding and function.
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MATERIALS AND METHODS
Bacterial Strains. E. coli BL21(λDE3) that carries the inducible T7 RNAP gene on the
chromosome, was used to express pET21 constructs of the rpoA gene of B. subtilis. E. coli
BL21 that does not contain the gene for the T7 RNAP, was used for screening purposes. B.
subtilis 168 was from our laboratory collection. The bacteria strains were grown in complex
medium, L Broth (per liter): 0.5% NaCl, 1% tryptone, and 0.5% yeast extract. To make solid
medium, 1.5% agar was added.
Construction of Clones Expressing the Wild-type and Mutant Derivatives of B. subtilis
rpoA Gene.

The DNA sequence of the rpoA gene coding for the α subunit of the RNAP in B.

subtilis was downloaded from the database of National Centers of Biotechnology Information
(NCBI). Primers were designed to amplify the rpoA gene from B. subtilis 168 chromosomal
DNA (Achberger and Whiteley, 1981). Primers rpoAIF and rpoA3RC were designed to flank the
rpoA gene relative to the upstream ribosomal binding site and incorporate a XbaI restriction
endonuclease site on the 5' end of the DNA and a XhoI site on the 3' end (Figure 1).
Primer rpoAIF: 5'-GGCTCTAGA-GGTTTCGACGTTTTGAAGGA-3'
(XbaI)
Primer rpoA3RC: 5'- GCCCTCGAG-ATCGTCTTTGCGAAGTCCGA-3'
(XhoI)
Deletion mutants rpoA278 and rpoA255 with progressive truncations at the 3' end of the
rpoA gene were generated by PCR-site directed mutagenesis. The forward primer (rpoAIF)
hybridized upstream of the ribosomal binding site in the rpoA gene. Mutagenic primers
rpoA2RC (5’-GCCCTCGAG-CGCAAGCTCTTGAACCGTGT-3') and rpoAIRC (5'
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GCCCTCGAG-TTCTTCAATTGTCATTTCAA-3') were designed to introduce XhoI sites at
desired positions at the 3' terminus of the rpoA gene (Fig. 1).
PCR amplification was performed by using a DNA Thermal Cycler 480 (PE Applied
Biosystems Perkin-Elmer Cetus Corp., Norwalk, Conn.) with the Pfu DNA Polymerase
(Stratagene). The PCR reactions contained 0.6 µg template DNA (B. subtilis 168), 0.1 mM each
dATP, dCTP, dGTP, and dTTP , 1 µM of each primer, and 5U Pfu per 50 µl reaction. Template
DNA was initially denatured and the DNA polymerase activated at 95ºC for 1 min, primer
annealing at 56ºC for 2 min, and polymerization at 72ºC for 3 min. The time of the third step
was incrementally increased by 10 sec per cycle. All primers were synthesized in the Gene Lab,
Louisiana State University. The PCR products were purified through QIA quick spin columns
(QIAquick PCR purification kit, Qiagen) and electrophoresed on a 1% agarose gel at 90V. The
gels were stained with a 0.5 µg/ml ethidium bromide solution and visualized on a UV transilluminator. The pET vector system (Novagen) was selected for cloning and expression of the α
subunit with a C terminal hexa-histidine tag under the control of the T7 bacteriophage promoter.
Cloning Strategies. The vector DNA and PCR products were double digested with the
restriction endonucleases XbaI and XhoI in a buffer recommended by New England Biolabs.
The reactions were terminated by heat inactivation at 65ºC for 20 min. The vector DNA was
dephosphorylated with calf intestinal phosphatase at 37ºC for 60 min. The DNA was then gel
purified using a QIAquick gel extraction kit purchased from Qiagen, ethanol precipitated, and
resuspended in sterile water. An optimal ratio of vector DNA to insert DNA was determined and
ligation reactions were incubated overnight at 16ºC. The ligands were transformed into E. coli
strain BL21 via electroporation. Transformants were screened by growth on L- carbenicillin
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Figure 1: The nucleotide sequence of the rpoA gene of B. subtilis is aligned with its
corresponding amino acid sequence. The forward and mutagenic reverse primers are
indicated in red.
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plates(50 µg/ml) and screened by random choice. Plasmid DNA was isolated using a plasmid
mini-prep kit purchased from Bio-Rad. Colonies of presumptive transformants were examined
by the presence of inserts by restriction enzyme analysis. The selected clones were sequenced
to ensure that there were no mutations introduced other than those intended.
Overproduction and Purification of the RNAP α Subunits. Selected plasmids were
introduced into strain E. coli BL21(DE3) for overexpression of the α subunits. Fresh
transformants were scraped off the plate and grown in pre-warmed L broth containing 50 µg/ml
carbenicillin at 30ºC until 0.3 O.D.600nm. Isopropyl-β, D-thiogalactopyranoside (IPTG) was
added at a concentration of 1.4 mM to induce overexpression of the proteins. After incubation at
30ºC for an additional two hours, a second aliquot of IPTG at the same concentration was added.
Cells were harvested after a total of five hours following induction by centrifugation at 10,000 xg
for 15 min at 4ºC and stored at -80ºC. The cell pellets were suspended in a 50 mM Na2HPO4
buffer containing 10 mM Tris-HCl (pH 8), 100 mM NaCl, and 0.6 mg of the protease inhibitor,
phenylsulfonyl fluoride( PMSF). Lysozyme was added to the suspension at 0.3 mg/ml. After
incubation on ice for 20 min, cell lysates were sonicated and then centrifuged at 10,000 xg for 10
min at 4ºC.
Hexahistidine tagged wild-type α and its truncated derivates were purified by batch mode
metal ion chromatography. The BD Talon resin (BD Biosciences) was gently agitated with the
crude extracts at room temperature for 20 min to allow for binding. The proteins adsorbed onto a
Co+2-Sepharose bead were washed at room temperature with the Na2HPO4 buffer described
earlier. The resin was pelleted at 700 xg for 5 min and the supernatant was carefully discarded.
The bound proteins were transferred to a column and eluted with a 50 mM imidazole buffer
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containing 50 mM Tris-HCl (pH 8) and 100 mM NaCl. This method allows for the removal of
extraneous debris that can clog the columns.
The fractions from the column were assayed for purity by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. Samples were solubilized by heating at 95ºC for 5
min in the presence of 2% SDS, 0.02 M 2-mercaptoethanol , 0.2 M Upper Tris Buffer [35 mM
Tris-HCl (pH6.8), 0.5%SDS], and 0.004% Bromophenol Blue. Proteins were analyzed on a 10%
Tris-HCl stacking gel in running buffer containing 370 mM Trisma, 3 M Glycine, and 0.075%
SDS. Gels were stained in a solution of 0.25% Coomasie Blue stain, 30% isopropanol, and 10%
acetic acid at 45ºC for 60 min and subsequently destained in 5% methanol and 10% acetic acid.
Fractions containing high levels of protein were pooled and concentrated in an Amicon
concentrator (model 202). The amount of protein was determined by the Bradford assay using
the Bio-Rad Protein Assay dye reagent. Gamma globulin was diluted and used for the protein
standard curve. Purified preparations of the α subunits were stored in 10% glycerol buffer
containing 10 mM Tris-HCl (pH 7.8), 1 mM EDTA and, 50 mM NaCl at -20ºC.
Preparation of Promoter Templates. The promoters selected for this study were from our
laboratory collection and are listed in Table 1.
Table 1. Promoters
Name
Alu156
AluUnc
AluUP
AluExt
AluUD1
Alu3A(-1)

Description
Early gene promoter from phage SP82 containing DNA curvature
Alu156 derivative where the curve is disrupted by insertion of thymines into
adenine tracts by site directed mutagenesis while still maintaining AT richness.
Alu156 derivative in which the curved DNA is replaced by an (A+T) rich region
found immediately upstream of E. coli rrnB P1 promoter.
Alu156 derivative in which the curved DNA was replaced with non-curved, non
A+T rich region, base pairs 376-467 of pBR322.
Alu156 derivative with a fragment of pBR322, base pairs 376-467, placed upstream
of the curved DNA.
Alu156 derivative with three synthetic adenine tracts fused to the core promoter.
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Large scale isolation of plasmid DNA (pUC8) harboring our selected promoters was carried out
using the alkaline lysis method of Birnboim and Dolly (1979) followed by cesium chloride
density gradient separation in the presence of ethidium bromide. The purified DNA was
quantified by spectrophotometry.
Derivatives of the pUC8 containing each of the promoters were used as templates for
PCR amplification using the M13/pUC Reverse Sequencing Primer (-48) 24-mer and the
M13/pUC Sequencing Primer (-47) 24-mer (New England Biolabs). One of the two primers was
5' end labeled with [ γ-32P] ATP using T4 polynucleotide kinase. A reaction mixture containing
30 µCi [ γ-32P] ATP(Amersham), 20 pmol of primer, 10 units of kinase, and an enzyme buffer
provided by the manufacturers was incubated at 37ºC for 30 min. The reaction was heat
inactivated at 95ºC for 5 min and stored at -20ºC. Each PCR reaction contained 2.5 µl of
supplied 10x PCR buffer, 2 µl of 25 mM MgCl2, 2 µl of a mixture containing 2.5 mM of each
deoxynucleotide substrate, 0.1 µl Ampli-Taq DNA polymerase, 4 µl 5' end labeled primer
(0.8 µM), 1 µl second primer (20 µM), 2 µl DNA template (0.2 ng/µl), and 11.5 µl water. PCR
amplication reactions were run in a Perkin Elmer Model 480 thermal cycler for 25 cycles under
the following parameters: 94ºC for 1 min, 60ºC for 2 min, and 72ºC for 3 min. After
amplification, PCR samples were purified through a Sephadex G50 spin column.
Gel Retardation Analysis. To analyze the relative binding affinities of the purified α subunits,
gel retardation was performed as described by Ausubel, et al., 1989 with minor modifications.
Reactions contained 2.4 ng of 5' end labeled DNA, α subunit, 1 µg nonspecific competitor DNA
(pUC18) in a binding buffer [30 mM KCl, 40 mM Tris-acetate (pH 7.9), 10 mM MgCl2, 0.1
mg/ml BSA, 5.5% glycerol] were incubated for 10 min at 37ºC. Tracking dye (0.02%
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bromophenol blue) was added before loading onto a 4 % polyacrylamide gel (acrylamide to bis acrylamide, 30:2). The gels were electrophoresed in high-ionic strength running buffer (50 mM
Trisma base, 400 mM Glycine, and 2 mM EDTA, pH 8.5) at 150 volts at room temperature for
120 min. Gels were then transferred to Whatman 3 MM paper and exposed to X-ray film
(Amersham Biomax) for visualization of the shifted DNA–protein complex. The gel mobility
shift assay was also used to determine the effect of distamycin on the binding of α. An endlabeled Alu156 promoter fragment was pre-incubated with 1.5 µM-20 µM of distamycin for 10
min at 22ºC in 10 µl of binding buffer. Wild-type α or α255 (35 µg) was then added with
1 µg/ml of non-specific competitor DNA for an additional 10 min and electrophoresis was
carried out.
DNase I Footprint Analysis. DNase I footprinting was used to examine the interactions of the
wild-type α subunit and its derivatives with DNA upstream of the selected promoters. A 190 µl
reaction mixture containing 50 mM NaCl, 40 mM Tris-HCl (pH 7.9), 10 mM MgCl2, and
180,000 cpm, typically 4-8 ng of end-labeled DNA was incubated at 37ºC with and without α for
5 min. DNase I digestion was performed by the addition of 10 µl of a 1:30 dilution of DNase I
stock (2 mg/ml) for 30 sec. The reactions were terminated by adding an equal volume of buffer
saturated phenol/chloroform (1:1) solution, 19 µl 3M sodium acetate, and 1 µl of Saccharomyces
cerevisiae tRNA (1 µg/ul). After mixing with a vortex mixer the phases were separated by
centrifugation. The aqueous layer containing the DNA was recovered, ethanol precipitated ,
washed with 80% ethanol, and vacuum dried. The DNA pellet was resuspended in 5 µl of
loading solution containing 0.1% xylene cyanol, 0.1% bromophenol blue, and 10 mM 0.5M
EDTA (pH 7) in deionized formamide prior to loading onto 6% polyacrylamide (acrylamide:bis-
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acrylamide, 30:1.5) gel containing 7 M urea in TBE buffer. Samples were denatured at 95ºC for
5 min and immediately transferred to ice. Digests were electrophoresed at 1700 volts for
100 min and the gel was dried before autoradiography using Amersham Biomax X-ray film.
DNase I footprinting was also used to test for structuring of DNA upstream of the various
promoters by the reconstituted holoenzymes containing our purified subunits with some
variations. RNAP complexes with promoter fragments were formed at 37ºC in a mixture of
40 mM Tris-HCl (pH 8), 10 mM MgCl2, and 50 mM NaCl and were digested with a 1:90 dilution
of DNase I stock (2 mg/ml).
RNA Polymerase Isolation and Purification. Holoenzyme RNA polymerase was isolated from
B. subtilis 168 (Achberger and Whiteley, 1981). B. subtilis 168 was grown aerobically in 1/2
L-broth (5 g/l Bacto tryptone, 5 g/l NaCl, 2.5 g/l Bacto yeast extract) to an optical density of
between 1.2-1.4 at 600 nm. Approximately 50 g of cells (wet weight) were used for isolation.
For each gram of cells, the cells were suspended in 2.5 ml of Buffer A [10 mM Tris-HCI (pH
7.9), 10 mM MgCl2, 1 mM EDTA, 1 mM phenylmethylsulfonyl floride, PMSF]. To this was
added 0.2 ml 2M Tris-HCl (pH 7.9), 1 mg lysozyme, and an additional 1 mg PMSF for each
gram of cells. Sonication was used to lyse the cells and lysates were centrifuged in a Beckman
J2-21 centrifuge with the JA-20 rotor at 15,000 rpm for 15 min. To the supernatant fraction,
16.2 ml of 30% polyethylene glycol 8000, PEG (BDH chemicals Ltd) and 4.8 ml of 20% dextran
T500 (Pharmacia) were added simultaneously per 42 ml of crude supernatant for PEG-dextran
phase partitioning of enzyme. The solution was centrifuged and the RNA polymerase was eluted
from the resulting dextran pellet with the same solution containing 9.12 g NaCl per 42 ml of
original crude extract. Excess PEG was removed by the addition of 16.5 g ammonium sulfate
per 100 ml extract. RNA polymerase was then precipitated using 150 ml of 35% ammonium
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sulfate and 23.5 g of crystalline ammonium sulfate and collected by centrifugation. The
ammonium sulfate precipitate containing RNA polymerase was solubilized in a minimal volume
of 10 mM Tris-HCI buffer (pH 7.9), 15% glycerol, 1 mM EDTA, 1 mM PMSF, 5 mM
2-mercaptoethanol, and 0.5 M NaCl. This aqueous solution was loaded onto a chromatography
column (Bio Gel A-0.5m, Bio Rad laboratories) at 4ºC. Fractions were analyzed initially by
absorbance at 280 nm and then samples with high absorbances were assayed using an in vitro
transcription assay (Spiegelman, et al., 1978). Fractions possessing enzymatic activity were
concentrated in an Amicon (model 202) filtration system under 42 psi nitrogen gas.
Concentrated fractions were diluted and applied to a 55 cc DNA cellulose column equilibrated
with 10 mM Tri-HCl (pH 7.8), 0.1 M NaCl, 10 mM MgCl2, 5 mM
2-mercaptoethanol, 1 mM PMSF, and 15% glycerol. After the sample was loaded on the
column, the column was eluted with a continuous NaCl gradient from 0.5 to 0.6 M NaCl. To
determine subunit composition and purity of the isolated polymerase, fractions containing RNA
polymerase activity were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). Active fractions with core subunits and σA were pooled, concentrated, and stored
with 30% glycerol at -20ºC.
The δ subunit of B. subtilis was isolated from the core δ RNA polymerase fractions
collected during DNA cellulose chromatography. DNA cellulose column fractions with high
concentration of δ were denatured in 6 M urea, 25 mM NaCl, 10 mM Tris-HCI (pH 7.9), and 2
mM EDTA. The subunits were passed through a phosphocellulose column (Whatman), which
had previously been equilibrated with the same buffer (Achberger and Whiteley, 1981). All
polymerase subunits, other than the δ subunit and α subunits were retained on the column. The
column fractions containing δ and α subunits was dialyzed against 15% glycerol, 100 mM NaCl,
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10 mM Tris-HCI (pH 7.9), and 1 mM EDTA to remove urea. The δ and α subunits were
separated by DEAE Sephadex A 25 column chromatography (Pharmacia, Inc.).
Concentration of RNA polymerase was determined using the Bio-Rad protein assay. B.
subtilis RNA polymerase concentration was compared with gamma-globulin as a reference
protein. The polymerase activity was measured by [3H] UTP incorporation into transcription
products (Spiegelman, et al., 1978). Reaction mixtures consisted of 40 mM Tris-HCI (pH 7.9),
10 mM MgCl2, 50 mM NaCl, 20 µg DNA (typically phage SP82 DNA), 1.5 to 96 µg of RNA
polymerase and 0.8 mM each of GTP, ATP, CTP, 8 µM UTP, and 1.25 µCi of [3H] UTP in a
total volume of 500 µl. One ml of 10% trichloroacetic acid (TCA) and 100 µl (2 mg/ml) of
Saccharomyces cerevisiae RNA were added to the reactions after incubation at 37ºC for 10 min.
Before washing with 5% TCA, reaction mixtures were filtered through glass filters (Schleicher
and Schuell). Dried filters were placed in scintillation fluid and counted in a scintillation counter
(Beckman LS6800).
A transcription titration curve was established using E coli phage T7 DNA as a template
to determine the amount of δ subunit needed to saturate core-σ and form the holoenzyme. Since
δ is involved in promoter selectivity, it significantly inhibits B. subtilis RNA polymerase
transcription activity on E coli phage T7 promoters. Increasing the concentration of δ with a
defined concentration of core-σ RNA polymerase was used to perform the transcription assay.
The concentration of δ that maximally inhibits transcription defines the saturating concentration
(Achberger and Whiteley, 1981).
Reconstitution of the RNA Polymerase with the Purified Proteins. Reconstituted RNA
polymerases were prepared by replacing the endogenous wild-type α subunit with the purified
proteins. The native RNAP was denatured in 6 M urea containing buffer [50 mM Tris-HCl
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(pH8), 1 mM EDTA, 10 mM MgCl2 , 0.2 M KCl, 10 mM DTT] at 30ºC for 15 min and
immediately a 20 fold molar excess of the α dimer was added. The holoenzymes were renatured
overnight by dialysis against buffer containing 50 mM Tris-HCl (pH 8), 10 mM MgCl2, 10 µM
ZnCl2, 1 mM EDTA, 10 mM dithiothreitol, 20% glycerol, and 0.2 M KCl. The reconstituted
enzymes were analyzed as soon as prepared to avoid loss of activity upon storage.
In vitro Transcription Assay. The DNA templates used in the multiple-round transcription
assay were purified plasmids (pUC8) containing the specified promoter. Reactions contained
native and reconstituted Bacillus subtilis RNA polymerases at a concentration of 1.5 mg/ml,
2 µl of 10X transcription buffer (400 mM Tris-HCl (pH 7.8), 100 mM MgCl2, 500 mM NaCl)
and water to reach a volume of 18 µl. The reactions were incubated at 37ºC for 10 min to start
the reaction. Then 2 µl of nucleotides (20mM CTP, 20 mM GTP, 4 mM UTP, 20 mM ATP, and
0.5 mCi/ml, 3000 Ci/mmol [α-32P] UTP) was added to each reaction. After an additional 10 min,
the reactions were stopped by adding 200 µl of 10% trichloroacetic acid (TCA) and 20 µl (2
mg/ml) of Saccharomyces cerevisiae RNA and collected on glass fiber filters. Incorporation of
radioactivity into transcripts was determined by liquid scintillation.
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RESULTS
The carboxy terminal domain (CTD) of the α subunit of the E. coli RNA polymerase has
two clearly defined functions. It is a target for certain transcription activators, and it interacts
with upstream A+T rich regions in some promoters often called UP elements. These sequence
specific interactions enhance promoter efficiency. A goal of the present study was to examine
the role of adenine tract-dependent DNA curvature on the interactions with the α subunit and
binding of the B. subtilis RNA polymerase.
Preparation of Wild-type α and its Mutant Derivatives. Previous in vivo and in vitro analysis
of a set of deletion derivatives of the rpoA gene in E. coli has shown that removal of 73 carboxy
terminal amino acids eliminates its ability to interact with both transcription factors (Ishihama,
1993) and upstream A+T rich sequences (Ross, et al., 1993). It has also been documented in E.
coli that both of the α subunits in RNA polymerase can be replaced by their truncated
counterparts lacking the last 73 or 94 amino acids. We made mutant derivatives of the carboxy
terminus of the B. subtilis RNA polymerase α subunit designed to examine its interactions with
the A+T rich intrinsically curved DNA sequences upstream of the -35 region. In determining our
sequential deletions, we took into account that the E. coli and B. subtilis α subunits exhibit a 46%
identity and that the B. subtilis α subunit is eleven amino acids shorter than its counterpart in E.
coli. Based on the projected protein folding of the C terminal domain of E. coli α, it was
determined that a deletion derivative lacking the last 59 amino acids would be similar to the E.
coli α mutant lacking the last 73 amino acids, the deletion derivative with the fewest amino acids
described for E. coli. Another deletion derivative lacking the last 36 amino acids of B. subtilis α
was also constructed to examine the boundaries of the CTD of the α subunit essential for DNA
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binding. These mutants were generated by introducing a series of six histidine codons followed
by stop codons at corresponding positions of the B. subtilis rpoA gene (Figure 2).

α255
↑

α278
↑

314

BS IEELDLSVRSYNCLKRAGINTVQELANKTEEDMMKVRNLGRKSLEEVKAKLEELGLGLRKDD
EC VDDLELTVRSANCLKAEAIHYIGDLVQRTEVELLKTPNLGKKSLTEIKDVLASRGLSLGMRLENWPPASIADE
↓
α257

329

Figure 2: The predicted protein sequence of the carboxy terminal amino acids of α subunits.
The amino acid sequence of B. subtilis (residues 253-314) and E. coli (residues 257-329) α
subunits. The arrows indicate positions of the truncations of the carboxy terminus of the α
subunit of the RNA polymerase of B. subtilis; last 36 amino acids, α278; last 59 amino acids,
α255. One of the deletions reported in E. coli; last 73 amino acids, α255; is also indicated. The
amino acids that are identical in the two alpha subunits are indicated in red.
As a control, the six histidine codons were also placed on the full length rpoA gene
during cloning into the vector pET21. To produce the modified α subunits, E. coli BL21(DE3)
was transformed with plasmids encoding either the full-length or truncated derivatives of the α
subunit with a C terminal hexahistidine tag under the control of the bacteriophage T7 promoter.
Long-term propagation of the transformed strains was not possible since expression of B. subtilis
α in E. coli was lethal, and strains not expressing the transformed genes were selected for in the
culture. Routinely, E. coli cells were transformed, the transformants were propagated, and the
cloned rpoA gene expression was induced by IPTG addition within twenty-four hours. The
proteins were purified by batch mode metal ion chromatography and assayed for binding.
It has been shown previously in E. coli that the αCTD interacts with an A+T rich
sequence upstream of the -35 region in strong promoters, notably the rrnB P1 promoter. It was
of interest to investigate the interactions between the α subunit of the B. subtilis RNA
polymerase and the upstream A+T rich curved DNA of the Alu156 promoter. This promoter has
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an A+T rich region of curved DNA from the -40 to -65 region relative to the transcriptional start
site (Figure 3).
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Figure 3: Nucleotide sequence of the Alu156 promoter. Bases representing the +1 region
transcriptional start site, the -35 region, and the -10 region are in bold type. The A+T rich region
immediately upstream of the -35 region is underlined.
Relative Binding Affinities of Wild-type α and its Mutant Derivatives to the Alu156
Promoter. A gel retardation assay was performed to assess the relative binding affinities of the
wild-type and mutant α subunits for the Alu156 promoter (Figure 4A). The binding reactions
were carried out in a buffer containing various amounts of wild-type α and its mutant derivatives.
All reactions contained a constant amount of
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P end-labeled promoter DNA fragments. The

promoter DNA bound with α migrated much slower than unbound DNA.

The results

demonstrated that for each concentration of the wild-type α used, the DNA fragment containing
the A+T rich sequences of Alu156 was efficiently bound, while binding by α278 was
significantly reduced relative to the wild-type α. In Figure 4B, the binding efficiency of α278
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Figure 4: Gel retardation analysis of Alu156 as a function of alpha concentration. 32P endlabeled DNA fragments containing Alu156 were incubated with wild-type α, α278, and α255 at
37ºC for 5 minutes, followed by electrophoresis. Lanes 5, 11, and 17 are controls without α.
Lanes 1, 2, 3, and 4 correspond to 8 µg, 4 µg, 2 µg, and 1 µg respectively of the wild-type α.
Lanes 6, 7,8, 9, and 10 correspond to 11 µg, 8 µg, 4 µg, 2 µg, and 1 µg respectively of the α278.
Lanes 12, 13, 14, 15 and 16 correspond to 16 µg, 8 µg, 4 µg, 2 µg, and 1 µg respectively of the
α255. The DNA bands representing the protein bound complex and free DNA are marked are
indicated in Panel A. Alpha binding was quantified by densitometry and plotted in panel B as
DNA binding (presented in arbitrary OD units) relative to the amount of alpha (µg). Results for
wild-type (•), α278 ( ), and α255 (S) are presented.
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at 4 µg of α, was less than 8% than that observed for the wild-type while α255 bound just as
well as the wild-type. An unanticipated result was the strong binding affinity of α255, the
modified α lacking the entire CTD. It was speculated that the larger deletion of the CTD in α255
exposed a new region able to bind DNA. This binding would likely be non-specific in nature.
The same results were obtained in two independent repeats of this experiment.
DNase I Footprinting Analysis of the α Subunits with the Alu156 Promoter. To examine
the specific interactions between the wild-type and mutant α subunits with the Alu156 promoter
DNA and its truncated derivatives, DNase I footprinting was performed (Figure 5). A
pronounced region of protection from DNase I by the wild-type α subunit extending from -26 to
-65 was observed corresponding to the A+T rich curved DNA region. There were three other
regions of protection. One was in the -10 region extending from -13 to +4. The other two
protected regions were upstream of the curved DNA extending from -86 to -103 and -117 to
-134. Each of these regions protected from DNase I by the α dimer is an A+T rich region
(Figure 6A). This is consistent with reports that the E. coli α subunit protects 22 base pairs in
A+T rich regions (Ross, et al., 1993). The three separate binding sites outside of the curved
DNA region cover 17-18 base pairs. The curved DNA region appears to be composed of
multiple α binding sites. A primary binding site for free α binding is from -50 to -65. There
may be two overlapping sites from -26 to -40 and from -33 to -46. Bases that are hypersensitive
to DNase I relative to the control are indicative of altered DNA conformation. The
hypersensitive sites are identified as DNA bands darker than the control. DNase I
hypersensitive sites were observed at the 5' end of adenine-rich binding sites (Figure 6B). This
suggests that the binding of the α dimer to these sites may be asymmetric. There was no
site-specific binding of the mutant α subunits. Despite detectable DNA binding in the gel shift
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Figure 5: DNase I footprinting of α bound to the Alu156, AluUnc, and AluExt promoters.
Single end-labeled promoter DNA fragments were incubated in the presence of α and its
derivatives or absence of α at 37ºC for 10 minutes, followed by addition of DNase I. Lanes 1 - 4
contain the Alu156 promoter, lanes 5 - 8 contain the AluUnc promoter, and lanes 9 - 12 contain
the AluExt promoter. Lane 1, 5, and 9 represents the DNase I digestion pattern in the absence of
α. Lanes 2, 6, and 10 correspond to the footprint of 16 µg of wild-type α; lanes 3, 7, and 11
correspond to the footprint of 16 µg of α278; lanes 4, 8, and 12 correspond to the footprint of
16 µg of α255. Numbers at the left hand side indicate positions on the DNA sequence with
respect to the transcription start site (+1).
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Figure 6: The summary of DNase I footprinting analysis of the Alu156 promoter with wild-type
α. The nucleotide sequence of the lower strand of Alu156 promoter is shown with the -35 and
-10, and +1 regions in bold type in Panel A. The lines under the strand represent regions where
bound α protected the DNA from DNase I cleavage. The arrows mark sites hypersensitive to
DNase I digestion. Panel B represents the densitometric analysis of the DNase I digestion pattern
obtained for Alu156 in the absence (black tracing) and presence (red tracing) of 16 µg of wildtype α. The positions of DNase-generated bands are listed in 10 base pair intervals relative to the
transcription start site +1.
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analysis, neither α278 nor α255 binds in a site-specific manner. This indicates that the DNA
binding domain in the αCTD has been removed in these modified α subunits.
The binding of the α subunit to AluUnc was virtually identical to Alu156. This indicated
that the conservative substitutions of A for T and T for A used to disrupt DNA curvature
(Figure 7) did not affect the binding of the free α dimer. The AluExt promoter lacks all curved
DNA or A+T rich DNA upstream of the -35 region (Figure 7). In this promoter, two α binding
sites were observed for the A+T rich -10 and -35 regions. The binding of wild-type α in the -35
region (-26 to -40) corresponds to one of the two overlapping binding sites observed with
Alu156. In each case, α278 and α255 were unable to bind site specifically. Since the sites
protected by wild-type α have different sequences, one would expect the affinity of α for these
sites to differ. To test the affinity of α for these sites, the concentration of α was incrementally
decreased to subsaturating levels. At subsaturating levels α would be associated most often
with sites to which it has the greatest affinity. At 47.5 µg of wild-type α, all five sites were
bound (Figure 8, lane 4). At 5.2 µg of wild-type α, significant binding was limited to the region
of the curved DNA, -26 to -65, on the promoter. The loss of binding to the -10 region and the
two far upstream sites at low concentrations is consistent with the idea that α binding to these
sites is not physiologically significant. No site-specific binding was observed by α278 or α255
at amounts as great as 47.5 µg.
Effect of Salt on the Binding of Wild-type α and α255. The α255 mutant binds strongly to
DNA according to gel shift analysis but fails to bind site-specifically according to DNase I
analysis. This would indicate that the interactions between α255 and the DNA are non-specific
in nature. To further characterize these interactions, we repeated the gel retardation assay using
varied concentrations of potassium chloride (Figure 9). While salts such as potassium chloride
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CACGTTTTGTTCTACATCCAGAACAACCTCTGCTAAAATTCCTGAAAAATTTTGCAAAAAGTTGTTGACT

Alu156

AluExt
ACAGGTGCGGTTGCTGGCGCCTATATCGCCGACATCACCGATGGGGAAGATCCCCGGGAATTCGTTGACT
AluUnc
CACGTTTTGTTCTACATCCAGAACAACCTCTGCTAATATTCCTGAATAATATTGCAATAAGTTGTTGACT
*
*
*
*
AluUP
ATCGCCGACATCACCGATGGGGAAGATCCCCGGGAATTCAGAAAATTATTATTTTAAATTGTTGTTGACT
Alu3A(-1)
GACATCACCGATGGGGAAGATCCCCCGGGAATTCAAAAATGGGCCAAAAAGGATCCAAAAATGGTTGACT
AluUD1
GATGGGGAAGATCCCCGGGAATTCAACCTCTGCTAAAATTCCTGAAAAATTTTGCAAAAAGTTGTTGACT

Figure 7: Nucleotide sequence immediately upstream of the -35 region for the Alu156 promoter
and its altered promoters. Promoters of AluUnc, AluExt, AluUP, AluUD1, and Alu3A(-1) are
shown with the A+T rich region underlined. The -35 region is in bold type. An asterisk was
placed under the bases in AluUnc that differ from Alu156.
affect both sequence-dependent and sequence-independent binding, cationic counterions that
compete with the α protein for charged phosphate residues in the DNA backbone would be
expected to have the greater effect on non-specific interactions. Increasing the concentration of
potassium chloride would be expected to have a more profound effect on protein binding that is
primarily due to electrostatic interactions.
Unexpectedly, a 2.5 fold increase in binding to the Alu156 promoter was observed with
the wild-type α as the potassium chloride (KCl) concentration increased from 30 mM to
240 mM. The increased binding may reflect a conformational change in the α subunit that
permits tighter binding to its sites. The α255 mutant bound as well as the wild-type at 30 mM
KCl, but demonstrated less than half the binding observed for the wild-type at 240 mM KCl
(Figure 10).
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Figure 8: DNase I footprinting analysis of Alu156 as a function of α concentration. 32P endlabeled DNA fragments containing Alu156 were incubated in the presence and absence of α at
37ºC for 10 minutes. The site-specific binding of wild-type α (lanes 2 - 4) was compared to
α278 (lanes 6 - 8) and α255 (lanes 10 - 12). Lanes 1, 5, and 9 received no α and served as
negative controls. The concentration of the α subunit was added at 5.2 µg (lanes 2, 6, and 10);
15.8 µg (lane 3, 7, and 11); and 47.5 µg (lanes 4, 8, and 12). Numbers indicate positions on the
DNA sequence with respect to the transcriptional start site (+1) on the lower template strand.
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Figure 9: The effect of KCl concentration on the binding of α subunits to promoters. Gel
retardation analysis of α and α255 bound to the Alu156 and AluExt promoters as a function of
KCl concentration. 32P end-labeled DNA was incubated with wild-type α and α255 in a buffer
containing 30 mM to 240 mM KCl in the presence of α or absence of α at 37ºC for 5 minutes.
Reaction samples were electrophoresed in a non-denaturing gel at room temperature. Lanes 1- 9
contain the Alu156 promoter, and lanes 10 - 18 contain the AluExt promoter that lacks the A+T
rich region upstream of the -35 region. Lanes 1 and 10 serve as negative controls, which
received no α. Promoter DNA fragments in lanes 2 - 5 and 11 - 14 were bound by 8 µg of
wild-type α. Promoter DNA in lanes 6 - 9 and 15 -18 were bound by 8 µg of α255. Within each
series, the KCl concentrations were 30 mM (lanes 2, 6, 11, and 15), 60 mM (lanes 3, 7, 12, and
16), 120 mM (lanes 4, 8, 13, and 17) and 240 mM (lanes 5, 9, 14, and 18).
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Figure 10: Binding of α as a function of potassium chloride concentration. Results for the
Alu156 promoter bound by wild-type α (•) and α255( ) and AluExt promoter bound by wildtype α (S) and α255(b) are presented. The data was derived from the gel retardation analysis as
described in the legend for Figure 9. Binding was quantified by densitometry relative to the
lanes without added wild-type α and α255 and reported in arbitrary OD units.
When the AluExt promoter was tested, the binding of wild-type α was less than 35%
observed for Alu156. AluExt has the same sequence as Alu156 but lacks the A+T rich region
upstream of the -35 region (Figure 7). The binding of the wild-type α to AluExt increased 2.5
fold as the KCl concentration went from 30 mM to 240 mM. In a parallel fashion, binding of
α255 to AluExt did not exhibit this increase in binding with salt concentration. It was concluded
that α255 binds DNA in a non-specific fashion and this binding is significantly different than that
of the wild-type α. When salt concentrations were incrementally increased from 30 mM to
240 mM, a reduction in the binding affinity of α255 was observed relative to the wild-type α
suggesting the electrostatic nature of the interactions. This confirmed our earlier observation that
α lacking the DNA binding domain makes sequence independent interactions with the DNA.
The same differences in binding was observed in two independent repeats of this experiment.
52

Effect of Distamycin on the Binding of α to the Minor Groove. It has been shown that
modified bases in the minor groove of the DNA inhibited the interactions of the E. coli RNA
polymerase with the UP element. This was not observed in the interference footprinting analysis
of the major groove suggesting the significant contribution of bases in the minor groove of the
UP element to α binding. Reagents that bind in the minor groove such as distamycin confirmed
that α interacts with bases within the minor groove of the UP element (Ross, et al., 2001).
Curved DNA is characterized by repeated runs of four to six adenines in phase with the
periodicity of the B form helix. This results in the progressive narrowing in the minor groove of
the DNA helix from 5' to 3' along the A tract. To investigate whether the α subunit of B. subtilis
interacts with bases in the minor groove of curved DNA, we used distamycin to compete with or
inhibit α binding. Distamycin is a small oligopeptide that preferentially binds to the minor
groove of A+T rich DNA (Coll, et al., 1987) and has been shown to straighten curved DNA. We
used a gel retardation assay to determine the effect of distamycin on the binding of purified α to
curved DNA. An end-labeled Alu156 promoter fragment was incubated in the presence of
various concentrations of distamycin at room temperature for 10 minutes. Wild-type α or α255
was then added for an additional 10 minutes. The samples were subjected to electrophoresis on a
polyacrylamide gel and bound α was quantified by densitometry (Fig. 11). At a concentration of
6.5 µM of distamycin, half maximal inhibition of α was observed while binding was completely
inhibited at concentrations greater than 10 µM. The mutant, α255, binds DNA tightly in a
sequence-independent fashion. This mutant lacks the DNA binding domain hence its binding
would be different from the binding exhibited by wild-type α. One would expect it to be less
sensitive to the binding interference by distamycin. At 10 µM where wild-type α exhibited 90%
inhibition, only 20% of the binding of α255 was lost. The same trend was observed in two
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independent repeats of this experiment. We concluded that distamycin, a drug that prefentially
binds to the minor groove of A+T rich DNA, inhibited binary complex formation of wild-type α
with the promoter DNA. The altered DNA conformation of curved DNA may place constraints
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Figure 11: Fraction of α bound as a function of distamycin concentration. The data was derived
from gel retardation analysis of the effect of pre-bound distamycin on the binding affinity of
wild-type α () and α255 (z) to the Alu156 promoter. The binding of 35 µg of wild-type α and
α255 to the Alu156 promoter was quantified by densitometry and plotted as the fraction of α
bound relative to the concentration of distamycin.
Contribution of A+T rich Sequences on α Binding. Previous experiments identified a
requirement for the DNA binding function of the CTD of the α subunit for A+T rich regions.
Since the curved DNA region is A+T rich, the contribution of the AT content of the curved DNA
was investigated. A series of hybrid promoters of the Alu156 promoter from our laboratory
collection was used. Two of these promoters were constructed by altering or exchanging the
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upstream curved DNA sequence of Alu156 with non-curved heterologous sequences. The
AluUnc promoter contains four single point mutations in the curved DNA to disrupt curvature.
The AluExt promoter lacks curved DNA but has the same sequence as the original Alu156
promoter downstream of the -36 region. In another promoter, AluUP, DNA sequences upstream
of the -35 region in Alu156 were replaced by the UP element of the ribosomal RNA promoter,
rrnB P1 of E. coli. In the AluUD1 promoter, DNA upstream of the curved DNA region of
Alu156 was replaced with the sequence upstream of the -35 region in the AluExt promoter.
Each of these constructs has the same core promoter sequence from -36 through the transcribed
region. DNA sequences of all these promoter contructs upstream of the -35 region in
comparison to the Alu156 promoter sequence is shown in Figure 7. DNase I footprinting
analysis was performed to investigate the specific interactions mediated by the carboxy terminus
of the free α subunit dimer and the A+T rich promoters. Figure 12 depicts the DNase I banding
patterns for the lower strands of the tested promoters. The DNase I banding pattern of full length
α binding to AluUnc was essentially identical to that of the Alu156 promoter in the regions
protected from DNase I cleavage. This indicated that the degree of curvature does not affect α
binding. The AluExt promoter that lacks the A+T rich regions exhibited no pronounced α
binding other than the weak binding of α to the -10 region (+4 to -13) and -35 region (-26 to -40)
observed with all Alu156 derivatives. This confirms that an A+T rich sequence is a binding site
for free α. The UP element of the AluUP promoter was protected by α in the region between - 26
and -55 corresponding to the -35 region and the UP element. This suggests that the E. coli UP
element can act as an UP element in B. subtilis and provides a binding site for the α subunit of
the B. subtilis RNA polymerase.
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Figure 12: DNase I footprinting analysis of the Alu156 promoter and its altered promoters.
DNA fragments were incubated in the absence (lanes with a minus sign) or in the presence (lanes
with a plus sign) of 16 µg of wild-type α at 37ºC for 10 minutes. The DNA bands are numbered
relative to the transcription start site at position +1 on the lower template strand. DNase I
footprinting of wild-type α bound to Alu156, AluUnc, AluExt, AluUP, and AluUD1.
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The α footprinting pattern observed with Alu156 and AluUnc looked suspiciously like
cooperative structuring of the DNA by multiple α dimers represented by repeated protected
regions followed by enhanced cleavage. To eliminate the possibility that the binding of α to the
-86 to -103 site and -117 to -134 site in Alu156 was not influenced by the binding of α to the
curved DNA, the AluUD1 promoter was footprinted with α. In this promoter, the DNA
sequence upstream of the curved DNA region has been replaced with non-curved DNA. For
AluUD1, protection in the region of curved DNA was observed but not in the upstream sequence
indicating that curved DNA does not affect binding of free α dimers to upstream sequences. In
addition, a cooperative effect was ruled out by footprinting the Alu156 with three-fold
incremental increases in α (Figure 8). It was observed that at low concentrations of α, α does
not bind to weaker binding sites such as the -10 region. This data is representative of the relative
strengths of the different α binding sites and does not favor a cooperative effect. It was
concluded that the A+T rich DNA is all that is necessary for α binding. In this assay, any site
that is A+T rich regardless if the DNA is intrinsically curved or not serves as an α binding site.
To test if wild-type α has a different affinity for the various promoter constructs, the gel
shift analysis was used (Figure 13). These promoters are similar in structure except for the
presence or absence of curved DNA upstream of the -35 region. The AluUnc and Alu156
promoters displayed the highest efficiency of binding while AluExt was the least efficiently
bound promoter with 11% of the binding observed for Alu156. Binding of α to AluUD1 was
comparable to the original Alu156 promoter; 80% of the level of binding observed for Alu156
was retained. Both promoters have the curved DNA. The additional α binding sites found in the
deleted upstream region may contribute to overall α binding in the gel shift assay. AluUP has
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about half the binding of α as Alu156. This is consistent with the UP element being an α binding
site as observed by DNase I footprinting.
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Figure 13: The relative binding of wild-type α to the Alu156 promoter and its derivatives.
Representative data was determined by densitometry of an autoradiogram following
polyacrylamide gel electrophoresis of end-labeled promoter fragments.
The Alu3A (-1) promoter is a hybrid promoter containing synthetic curved DNA composed of
three helically-spaced A tracts fused to the core Alu156 promoter (Figure 7). It should be noted
that in constructing the synthetic curved DNA, no attempt was made to conserve overall
A +T richness observed in the native sequence. This promoter typically displayed 75% of the
RNA polymerase binding as Alu156 (Odeh, 1998). In the gel shift assay (Figure 13), Alu3A (-1)
displayed about one-fifth the α binding as Alu156. While the DNA was curved, it was not as
A+T rich as other α binding sites. In the DNase I footprinting assay, wild-type α bound weakly
to the -10 region (+4 to -13) and -35 region (-26 to -39) of Alu3A(-1) as shown in Figure 14. In
the region of synthetic curved DNA, three short regions of protection were observed at -43 to
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Figure 14: DNase I footprinting analysis of the Alu156 and Alu3A(-1) bound by wild-type α.
Presence and absence of α are indicated by plus and minus signs, respectively. The DNA bands
are numbered relative to the transcriptional start site.
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-44, -48 to -54, and -59 to -63. The entire region spans 21 base pairs. These sites of protection
are flanked by sites hypersensitive to DNase I at -40 to -42, -45 to -47, and -55 to –58 (Figure
15). This indicated that α did bind to the region of the A tracts. Interestingly, the hypersensitive
sites correspond to the 5' end of the A tracts with the 3' end of the A tracts protected from
DNase I. This would place hypersensitive sites on the outside of the curve and the protected
region on the interior of the curve. This suggests that the binding of the α dimer bends the DNA
in the direction of the curved DNA.

Figure 15: Densitometric scan of the DNase I footprinting analysis of the Alu3A(-1) promoter.
The densitometric analysis of the DNase I digestion pattern obtained for the Alu3A(-1) promoter
in the absence (black tracing) and presence (red tracing) of wild-type α. The DNA bands are
numbered in 10 base pair intervals relative to the transcription start site at +1.
When analyzed by the gel shift assay, wild-type α displayed different binding affinities for
the collection of promoters. To test if these differences are reflected in the holenzyme, the same
assay was used to measure RNA polymerase binding (Figure 16). The AluUnc promoter
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displayed 70% of the binding observed for the original Alu156. The AluUP promoter had a
binding affinity similar but consistently less than AluUnc. RNA polymerase had the lowest
affinity for the AluExt promoter that lacks the A+T rich curved DNA. This could infer that RNA
polymerase binding could be attributed not only to the A+T rich component of the promoter but
also to the curvature conferred by A tracts. Even though wild-type α bound Alu156 and AluUnc
with comparable affinity, RNA polymerase consistently bound Alu156 more efficiently than
AluUnc. This suggests a contribution of the DNA curvature to RNA polymerase binding.
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Figure 16: Fraction of DNA bound as a function of the concentration of RNA polymerase.
Representative data for the relative affinity of the RNA polymerase for the Alu156 (•),
AluUnc (), AluUP (d) and AluExt (S) promoters was determined by densitometry of an
autoradiograph of a gel retardation assay. Binding is represented as the fraction on DNA in the
reaction that was shifted by RNAP.
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Interactions of Reconstituted Holoenzymes with Upstream A+T rich Sequences. Previous
studies in our laboratory demonstrated that curved DNA stabilized the formation of a transient
closed promoter complex in which the DNA is wrapped around the RNA polymerase.
This promoted the isomerization to a second closed complex that was stable and not wrapped. It
was of interest to test if the stimulation of transcription initiation by curved DNA on the
promoter was due to the curvature of the DNA, the A+T richness of the curved DNA as an α
binding site, both reasons, or neither. Is RNA polymerase that contains α278 or α255 still
stimulated by curved DNA in the absence of binding to A+T rich DNA? To test this question
the modified α subunits were used to displace the endogenous α by dissociating and
reassociating the holoenzyme. The native enzyme was denatured in 6M urea and a twenty fold
molar excess of the α dimer was added. The holoenzymes were renatured overnight by dialysis
and tested without storage. To demonstrate that the enzyme incorporated the modified α
subunits, DNase I footprinting was used to test the sequence-specific binding of the enzymes.
The sequence-specific interactions between B. subtilis RNA polymerase and the promoter are
demonstrated in Figure 17. Wild-type RNA polymerase bound to the Alu156 promoter protects
the DNA from DNase I and generates a footprint starting at +17 and extending into the curved
DNA region. This is common for B. subtilis RNA polymerase on efficient promoters. There are
gaps in the protection and DNase I hypersensitive sites at -35, -36, -46, -56, -66 to -69, -78 to
-79, and -109 to -100. The sites of enhanced DNase I activity were separated by regions
protected from DNase I. This 10-11 base pair periodicity matches the helical repeat of the DNA
and is indicative of DNA wrapped around a protein. Indications of DNA wrapping are most
commonly observed by the enhanced cleavage at -66 to -69 and at -78 to -79 flanked by
protection from DNase I around -70 to -75 and -80 to -86. Figure 18 represents a densitometric
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Figure 17: DNase I footprinting analysis of RNA polymerase bound to the Alu156 and AluUnc
promoters. End-labeled DNA fragments were incubated in the absence (lanes with a minus sign)
and in the presence (lanes with a plus sign) of 22 µg of RNA polymerase at 37ºC for 10 minutes.
Numbers indicate positions on the DNA sequence with respect to the transcriptional start site
(+1).
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scan of the DNase I footprinting analysis obtained for the Alu156 promoter. These signals of
wrapping are diminished with RNA polymerase bound to AluUnc.

Figure 18: Densitometric scan of the DNase I footprinting analysis of the Alu156 promoter.
Densitometric analysis of the DNase I digestion pattern in the absence (black tracing) and
presence (red tracing) of 22 µg RNA polymerase. The positions of DNase-I generated bands are
listed in 10 base pair intervals relative to the transcription start site +1.
When the RNA polymerases were tested by DNase I footprinting, each gave a typical
footprint from +17 to the -55 region of the promoters (Figure 19). This indicates that the
reconstituted enzymes were able to bind DNA as directed by the sigma subunit. The signals for
DNA wrapping (i.e. enhanced cleavage at -66 to -69 and at -78 to -79 with protection regions at
-70 to -75 and at -80 to -85) were observed for the RNA polymerase reconstituted with wildtype α bound to Alu156. These same signals were observed for the α255 containing enzyme
bound to Alu156. These same two enzymes demonstrated signs of wrapping with AluUnc. The
RNA polymerase reconstituted with α278 demonstrated the least wrapping regardless of the
promoter tested. This form of the RNA polymerase was deficient in its interactions with
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Figure 19: DNase I footprinting analysis of RNA polymerase bound to the Alu156, AluUnc,
and AluUP promoters. End-labeled promoter DNA fragments were incubated in the absence and
in the presence of 22 µg of RNA polymerase at 37ºC for 10 minutes. Numbers indicate positions
on the DNA sequence with respect to the transcriptional start site (+1). Lanes 1 - 5 contain the
Alu156 promoter; lanes 6 - 10 contain the AluUnc promoter; lanes 11 - 15 contain the AluUP
promoter. Lanes 1, 6, and 11 are controls in the absence of RNA polymerase. Lanes 2, 7, and 12
represent the native RNA polymerase. Lanes 3, 8, and 13 correspond to the reconstituted RNA
polymerase with full-length α. Lanes 4, 9, and 14 represent the reconstituted RNA polymerase
with α275. Lanes 5, 10, and 15 correspond to the reconstituted polymerase with α255.
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upstream DNA. Enzymes reconstituted with hexahistidine tagged α subunits often generated
altered DNase I cleavage patterns around - 43 to - 46. This is evident with the AluUnc promoter.
There was no evidence that the hexahistidine tag affected the function of the reconstituted
enzymes. In the AluUP promoter, the footprint is indicative of proper RNA polymerase binding.
Weak interactions upstream of the UP element consistent with those observed in wrapped
promoter complexes were also seen.
Transcriptional Activity of Reconstituted RNA Polymerases. The activities of the wild-type
and reconstituted mutant RNA polymerases were assayed using an in vitro transcription assay as
described by Spiegelman, et al.,1978. Attempts to do a single-round run-off transcription assay
failed to give detectable products for the reconstituted enzymes using the altered promoters. To
circumvent this problem, a multiple-round transcription assay was used. Supercoiled promoter
templates (i.e. promoters inserted into pUC8 plasmid) were incubated in the presence of the
wild-type and reconstituted RNA polymerases at 37ºC. After 10 minutes a mixture of all
four nucleotide triphosphates, including [α-32P] UTP, was added to each reaction. The reactions
were stopped by adding 10% trichloroacetic acid and tRNA after an additional 10 minutes and
collected on a glass fiber filter. The incorporation of radioactivity into transcripts was
determined by liquid scintillation. The activities of the wild-type and reconstituted polymerases
for the different promoters were corrected for background transcription from the plasmid vector
(Figure 20). The wild-type RNA polymerase exhibited the highest activity with the Alu156
promoter while AluExt displayed 4% of this activity. This observation correlates with the result
from the gel retardation analysis whereby RNA polymerase displayed the highest binding
efficiency to the Alu156 promoter and exhibited a low binding affinity to AluExt.
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Figure 20: Transcriptional activity of the wild-type and reconstituted RNA polymerases. The
ability of the wild-type RNA polymerase (open bars), reconstituted α278 RNA polymerase
(hatched lines down to the left), and reconstituted α255 RNA polymerase (hatched lines down to
the right) to transcribe from the different promoters was measured. Relative number of
transcripts for the Alu156, AluUnc, AluUP, and AluExt was determined by scintillation counts
of incorporated 32P.
Transcriptional activity of AluUnc and AluUP were 34% and 29% of that observed for
the wild-type enzyme, respectively. The loss of function correlates with the absence of DNA
curvature. The difference in transcriptional activity between AluUnc and AluUP and the AluExt
promoter reflects the loss of A+T rich DNA upstream of the promoter. This is evidence that both
curvature and α binding to A+T rich DNA contribute to the function of Alu156. RNA
polymerases reconstituted with α278 produced comparable numbers of transcripts from Alu156
and AluUnc or AluUP. AluUnc allowed 78% and AluUP allowed 68% of the transcriptional
activity observed for Alu156. This indicated that the deficiency in α subunit binding to DNA
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greatly diminished the enhanced transcriptional activity attributed to DNA curvature on Alu156.
The AluExt promoter gave 29% of the transcriptional activity as the Alu156 promoter using the
α278 reconstituted enzyme. This may indicate that either α278 retains some specific DNA
binding or that there is a component of transcription stimulation by curved DNA that is
independent of the α subunit. The reconstituted holoenzyme with the α255 mutant displayed
limited transcriptional activity from all the promoters. This suggests that deleting the last 59
amino acids from the C terminus of the α subunit essentially abolishes the transcriptional activity
of RNA polymerase containing α255, and residual transcriptional activity did not correlate with
the DNA sequence upstream of the core promoter.
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DISCUSSION
The present studies demonstrated that the α subunit dimer of B. subtilis binds
preferentially to A+T rich DNA and demonstrates sequence specificity. Gel exclusion
chromatography demonstrated that the free, purified α subunits exhibited a mass consistent with
a dimer of the protein (data not shown). DNase I footprinting experiments identified multiple
binding sites for α on the Alu156 promoter. When the amount of α in the binding reaction was
titrated to subsaturating amounts, there was a clear preference for occupancy of the A+T rich
DNA associated with the curved DNA region. The positioning of the curved DNA in Alu156
corresponds to the position of the UP element in E. coli promoter rrnB P1. Working with the
Escherichia coli subunit, Estrem and his colleagues (1998) have identified a consensus sequence
for an UP element using in vitro selection followed by in vivo screening. While not a strict
consensus sequence, the identified consensus sequence ranged from -59 to -38 on the rrnB P1
promoter and contained the sequence 5’- nnAAA(A/T)(A/T)T(A/T)TTTTnnAAAAnnn-3’ where
“n” stands for any base. Clearly, the curved DNA of the Alu156 promoter closely matched this
consensus for E. coli. This suggests that there may be a strong conservation in function and
structure between the α subunits of B. subtilis and E. coli.
The size of the DNase I footprint generated by the B. subtilis α subunit was 17-18 bases
for the isolated binding sites. This is smaller than the 22 base site determined for E. coli α on UP
elements (Ross, et al., 1993). In our studies, the regions of protection from DNase I are flanked
by sites hypersensitive to DNase I. These enhanced cleavage sites are located primarily at the 5'
side of an adenine-rich binding site. This indicated that the binding of α subunit dimer distorted
the DNA helix. The binding of the α subunit to the Alu3A (-1) promoter offered a unique profile
of this distortion of the helix. In Alu3A (-1), the native curved DNA was replaced by a synthetic
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curved DNA sequence in which the sequence between the A tracts was not A+T rich. The
pattern of protection from DNase I and enhanced cleavage were indicative of α binding to the A
tracts and bending the DNA in the direction of the curve. This pattern of DNase I sensitivity is
common for DNA bending proteins. If the α subunit of the RNA polymerase bends the DNA as
it binds, this action would be favored if the DNA is naturally bent in that direction. DNase I
footprinting of B. subtilis RNA polymerase on the Alu156 promoter demonstrated that the region
of curved DNA is wrapped around a protein (Figure 17 and 19, Odeh, 1999, Cheng, 1996). This
suggests that the α subunit may contribute to this wrapping.
The two truncated α subunits, α278 and α255 demonstrated DNA binding in the gel shift
assays but failed to exhibit sequence-specific binding by DNase I footprinting. The deletions of
the B subtilis rpoA gene were constructed using information gathered from published reports for
the E. coli α subunit. The CTD of the α subunits from the two sources share strong amino acid
sequence similarity when conservative amino acid changes are taken into account (Figure 2).
Jeon and his coworkers (1995) used nuclear magnetic resonance spectroscopy to determine the
secondary structure of the αCTD in E. coli. The αCTD is a highly compact structure composed
of four helices and two long loops at the terminals of the domain. It was proposed that the α
subunit has a helix-hairpin-helix DNA binding motif (HhH). The HhH binding domain has been
identified in several enzymes involved in replication, recombination, and repair. The HhH motif
consists of a pair of anti-parallel α helices connected by a loop that makes non specific contacts
with the DNA. In the HhH interpretation of the αCTD, this recognition motif is present in two
copies. In E. coli, the first HhH motif in the αCTD-DNA binary complex consists of a nonstandard helix composed by residues 253-257, a loop (residues 258-263) and residues 264-272
form an α helix referred to as α helix 1. The second HhH motif consists of a recognition loop
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composed of residues 293-297 intervening between α helix 3 (residues 286-292) and α helix 4
(residues 298-309). The two HhH motifs are separated by α helix 2. Crystallographic structures
of the αCTD-DNA complex confirmed the roles of two HhH motifs of the αCTD in DNA
interactions (Benoff et al., 2002).
In the truncations of the B. subtilis α used in the present study, α278 is missing the
second HhH motif located at the C terminal end of the protein. The α255 lacks both of the
predicted HhH motifs that make up the DNA binding domain of α. The binding of free α278
was significantly decreased relative to the full-length α, less than 8% of the binding. The
deletion of 36 amino acids from the CTD in α278 eliminated sequence-specific DNA binding
based on DNase I footprinting. The incorporation of α278 into the RNA polymerase retained
some transcription activity. It appeared that the mutation inactivated the DNA binding activity
without dramatically affecting other functions of the α subunit.
The truncation of 59 amino acids in α255 had some unexpected results. While there was
no evidence of sequence-specific binding of α255 by DNase I footprinting, there was significant
DNA binding by the gel shift analysis. Following the assumption that the sequence-independent
DNA binding by α255 would contain a major electrostatic component, binding was examined as
a function of KCl concentration. Interestingly, the binding of full-length α was stimulated with
increasing KCl concentration. The binding of α255 remained fairly constant across the range of
KCl concentrations tested indicating that its binding was dominated by different types of proteinDNA interactions than that of the full-length α. The predominant interaction between α255 and
the DNA did not appear to involve a minor groove DNA binding domain. The nature of the
defect in α255 was also studied through it response to distamycin addition.
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High-resolution interference and protection footprinting studies have shown that the α
subunit of E. coli interacts with bases within the minor groove and with the DNA backbone
across the minor groove (Ross, et al. 2001). This observation is in agreement with previous
crosslinking and NMR analysis of the interactions of the αCTD with the promoter upstream
regions (Naryshkin, et al., 2000; Yasuno, et al., 2001). Distamycin is an antibiotic that binds
preferentially to the minor groove of adenine-rich DNA (Coll, et al., 1987). When the effect of
distamycin was tested in the gel shift assay, 90% of the binding of full-length α to Alu156 was
lost at 10 µM. Under the same conditions, only 20% of the binding of α255 was lost. This
supports the ideas that (1) like that of E. coli, B. subtilis α binds through the minor groove of the
DNA and (2) this site-specific DNA binding domain has been removed in α255. Further results
using α255 must be interpreted in light of its novel DNA binding activity. It is likely that the
non specific DNA binding activity of α255 will influence the binding of RNA polymerase
containing this subunit.
The gel shift assay and DNase I footprinting were used to compare the binding of fulllength α to Alu156 and its derivatives. In each case, α bound the A+T rich -10 and -35 regions
of the core promoter. Binding to DNA upstream of -35 was dependent on the DNA sequence
present. In each case where A+T rich DNA was present, defined DNase I footprints were
observed. When the gel shift analysis was used to look at the relative affinity of α for these
promoters, distinct differences were observed. The greatest binding was to the AluUnc and
Alu156 promoters, which have the same nucleotide sequence except for four conservative A to T
and T to A mutations used to disrupt the curved DNA in AluUnc. The general order of binding
from greatest to weakest was the following: AluUnc ≥ Alu156 > AluUD1 > AluUP > Alu3A (-1)
> AluExt. An interpretation of this order is that α binds tightest to the A+T rich DNA of Alu156
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whether it is curved or not. And that binding to these sites are tighter than binding to the E. coli
UP element. The α subunit appears to have clear sequence preferences for specific A+T rich
binding sites. Or, one could argue that the relative binding of α in the gel shift analysis was due
to the number of potential α binding sites and not on the tightness of binding to the major
binding sites, the A+T DNA immediately upstream of the –35 region. At least five binding sites
were identified by DNase I footprinting to Alu156 and AluUnc, three sites for AluUD1, AluUP,
and Alu3A (-1) and only two sites for AluExt. The latter explanation does not appear to be the
case. The gel shift analysis was done in the presence of excess non specific competitor DNA to
minimize the binding to weak sites. Also, only one protein mediated shift band was quantified to
give the presented results; no super-shift bands indicative of multiple proteins bound to the target
DNA were observed. The definitive evidence supporting the contention that the differences in α
binding observed in gel shift analysis are due to relative affinity of α for the A+T rich DNA
upstream of the -35 region is the fact that AluUD1, AluUP, and Alu3A (-1) all have the same
sequence except for this A+T rich DNA and still display significantly different binding affinities
(Figure 13). Similar results were observed when RNA polymerase binding to the promoters was
examined by gel shift. The most notable difference was that Alu156 was more efficiently bound
than AluUnc (Figure 16). This is a clear indication that the curved DNA in Alu156 may be more
than an α subunit binding site.
Transcription studies with RNA polymerase containing full-length and truncated α
subunits indicated that α binding was necessary for the stimulation of promoter function
associated with the curved DNA upstream of the -35 region in Alu156. With the wild-type RNA
polymerase, the Alu156 promoter was transcribed three times more often than AluUnc, the
second most active promoter. Promoters with A+T rich DNA that does not exhibit appreciable
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curvature, AluUnc and AluUP were transcribed at least eight times more often than AluExt, the
promoter lacking A+T rich DNA or curved DNA. The results indicate that while A+T rich DNA
upstream of the -35 region can stimulate transcription from the Alu156 promoter, curved DNA
enhances transcription to the greatest degree. Since the curved DNA of Alu156 was shown to
be a α binding site by DNase I footprinting, it was likely that α binding would play a role in the
stimulation of transcription by curved DNA. When RNA polymerase reconstituted with α278
was tested on these promoters, the differences in transcription observed among the promoters
with the wild-type RNA polymerase were diminished. While Alu156 was still the most actively
transcribed, AluUnc and AluUP displayed 78 % and 68 %, respectively, of the transcription
observed from Alu156. This indicated that a functional αCTD was necessary for the RNA
polymerase to be fully stimulated by the curved DNA. Promoters with A+T rich DNA were
transcribed more often than the AluExt promoter. It is not known if this enhanced promoter
function attributed to A+T rich DNA is due to (1) residual DNA binding activity by α278 (i.e., it
retains one of the HhH motifs believed to form the DNA binding domain), (2) the presence of
contaminating full-length α from the reconstitution step, or (3) if there are interactions between
the A+T DNA and other subunits in the RNA polymerase. Since the experiment was repeated
with several batches of reconstituted enzyme with the same results, it is unlikely that this activity
represents contamination by full-length α.
DNase I footprinting was used as a test for the interaction of RNA polymerase with the
DNA sequence upstream of the common binding region, +17 to -55, relative to the start of
transcription. Promoters with curved DNA stabilize a transient, closed complex in which the
upstream DNA is wrapped around the RNA polymerase. Promoters lacking curved DNA also
demonstrate the signs of DNA wrapping but the signals are greatly reduced. When the enzyme
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reconstituted with α278 was tested in the DNase I footprinting assay, the signs of DNA wrapping
were limited to those commonly observed for promoters lacking curved DNA or A+T rich DNA.
This is consistent with the idea that α278 was unable to bind the curved DNA and stabilize the
binding of RNA polymerase. An unexpected result was the finding that RNA polymerase
reconstituted with α255 was not only able to bind the DNA, but also able to stabilize the
wrapped DNA complex. The α255 RNA polymerase displayed the same degree of DNA
wrapping as the RNA polymerase with full-length α on the Alu156 promoter. Unlike the RNA
polymerase with the full-length α, the α255 RNA polymerase generated significant levels (i.e.,
levels comparable to that observed for Alu156) of the wrapped promoter complex with
promoters lacking curvature, such as AluUnc and AluUP. This was consistent with the idea that
α255 binds DNA tightly but in a sequence independent fashion. This α binding stabilized the
transient, closed promoter complex in which the DNA is wrapped around the RNA polymerase.
The failure of RNA polymerase reconstituted with α255 to generate significant numbers
of transcripts indicates a disruption in the function of α in the RNA polymerase. From the
DNase I footprinting assay, this form of the RNA polymerase was able to bind the promoter as
directed by the sigma subunit. The footprint for the α255 RNA polymerase was remarkably
similar to that observed with the enzyme reconstituted with full-length α. Based on sequence
similarities between B. subtilis rpoA and that from E. coli, there are some key amino acid
residues necessary for enzyme function that were truncated from α255.
In E. coli, Arg265 located in the first recognition helix in HhH1 has been found to play a
critical role in CRP-dependent and UP-element dependent transcription. A single point mutation
of this amino acid had almost the same effect on UP element dependent transcription as an α
mutant lacking the CTD. Arg265 could not be replaced with lysine or other positively charged
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amino acids suggesting that both the charge and the side chain of the amino acid were involved
in sequence specific interactions (Zou, et al., 1992; Ross, et al., 1993; Murakami, et al., 1996;
Aiyar, et al., 1998). The first evidence that α may play a role in the initiation of transcription was
the modification of this residue upon infection of E. coli by the bacteriophage T4 (Russo and
Silhavy, 1992).
Other amino acids that exhibited strong defects in DNA binding include Gly296 in the
recognition loop and Lys298 and Ser299 in α helix 4 in the second copy of the HhH motif. These
residues are highly conserved in the CTD of the α subunit in B. subtilis. It has been suggested
that each of the HhH motifs in the carboxy terminus of the E. coli α subunit interacts with bases
on one of the DNA strands. Although DNA binding proteins in the helix-hairpin-helix family
commonly exhibit non-specific binding, dimethylsulfate footprinting patterns of the CTD of α
are indicative of specific base sequence interactions. In the presence of α, methylation of
adenines was significantly reduced in contrast to guanines. Ross and his co-workers (2001)
propose that the side chains of Arg265 and Lys298 form hydrogen bonds with adenine bases at
position N3. Protein alignment of the two amino acid sequences suggested that the arginine at
position 261 in B. subtilis might be equivalent to the Arg265 in E. coli. All these residues are
missing in α255.
The low level of activity of RNA polymerase reconstituted with α255 suggests that it is
unable to form transcriptionally active complexes upon binding the promoter. This suggests a
novel function of the α subunit contributing to the kinetics of open complex formation and
transcription initiation. This could be attributed to the αCTD interacting with another subunit of
the RNA polymerase or αCTD-DNA interactions. There is evidence in research with E. coli α
that αCTD interacts with σ at the promoter. These interactions are disrupted on removal of the

80

αCTD residues. Genetic evidence and cross-linking studies have shown that the αCTD and
interacts with residues in region 4.2 of the σ subunit (Meng, et al, 2001; Kolasa, et al, 2002).
Residues that appear to interact with region 4.2 of the σ subunit in E. coli D259 and E261
(Ross, et al. 2003) are conserved as acidic residues in B. subtilis α.
It is also evident from the present work that curved DNA was not equivalent to A+T rich
DNA. Alu156 was transcribed three times more often than AluUnc despite the fact that AluUnc
was bound by free, full-length α as well as or better than was Alu156. The mutations used to
disrupt DNA curvature in AluUnc do not alter the A+T richness of the DNA. Researchers
working with UP elements in E. coli find no difference between A+T rich DNA and DNA with
curvature. Attey and his co-workers (1998) argue that curvature conferred by these A tracts does
not contribute significantly to the enhancement of transcription. It was concluded from a study
using hybrid promoters containing upstream synthetic A tracts that stimulation of transcription is
attributed to the interactions of the αCTD with A+T rich sequences. This view differs
significantly from the findings in the present study using RNA polymerase from B. subtilis. It
has been shown in this laboratory that the RNA polymerase from E. coli is less affected by the
presence of curved DNA than that from B. subtilis (McAllister and Achberger, 1988; Nickerson
and Achberger, 1995; Jazbi, 1997; Odeh, 1999)
Yasuno and his co-workers (2001) studied the influence of intrinsic bends in the DNA on
the interactions of the E. coli αCTD. Oligomers that produced significant bending such as the
AAAAAA and AAATTT sequences exhibited a higher affinity for the αCTD relative to
sequences that had small bends, such as TAATTA and TTTAAA. Researches from our
laboratory indicated that A+T rich DNA could not replace the curved DNA of Alu156 and still
maintain function at temperatures below 25°C. This was true for the E. coli or B. subtilis RNA
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polymerases (Jazbi, 1997; Odeh, 1999). Similar findings have been reported for the plc
promoter of Clostridium perfringes. Katayama and his co-workers (1999) also demonstrated that
the UP element of the rrnB P1 promoter does not function in the same temperature-dependent
manner that curved DNA does.
The curved DNA upstream of the Alu156 promoter has two components that aid
promoter function. The curved DNA is an A+T rich α subunit binding site and possesses an
altered DNA conformation that is known to aid DNA structuring by proteins. The present
studies have demonstrated that full effect of upstream curved DNA on transcription must be
mediated through a functional α subunit. RNA polymerase molecules lacking the functional
αCTD were defective in their interactions with the curved DNA. The stimulation of transcription
initiation mediated through α -DNA interactions is likely to involve interactions with other
enzyme subunits, such as σ. Defining these interactions will be a key to understanding the role
of curved DNA in transcription initiation.
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